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ABSTRACT 

"  Fast  fracture  and  stress  rupture  data  were  collected  on  two 
materials,  a  sintered  silicon  nitride  and  a  lithium-aluminum-silicate. 
The  fast  fracture  data  was  presented  graphically  in  the  form  of  Weibull 
plots  of  percent  failed  versus  failure  stress.  The  stress  rupture  results 
were  presented  in  tabular  form.  Photo -micrographs  were  presented  to 
illustrate  the  fracture  surfaces  of  fast  fracture  and  stress  rupture 
failures. 

A  program  of  specimen  development  was  conducted.  The  objecti\e  of 
the  program  was  to  develop  processing  techniques  to  make  it  possible  to 
fabricate  integral  shaft  spin  disks  suitable  for  hot  spin  testing  as 
stress  rupture  specimens.  The  hot  spin  disk  stress  rupture  results  were 
to  be  used  to  correlate  experimental  time  dependent  failure  results  with 
analytical  time  dependent  failure  results.. _r 

In  the  specimen  development  program  several  sets  of  experiments  were 
conducted.  The  molding  experiments  determined  the  relationship  of  molding 
conditions  to  quality  after  molding,  and  the  relationship  of  molding 
conditions  to  quality  after  binder  removal.  The  binder  removal  experiment 
examined  the  relationships  between  pressure  and  heating  rate  on  the 
quality  of  the  part.  The  strength  experiment  examined  the  relationship 
between  strength,  microstructure,  and  sintering  conditions. 

Also  as  part  of  the  specimen  development  program  the  cooling  pattern 
of  the  green  injection  molded  integral  shaft  spin  disk  was  studied  using 
finite  element  techniques.  This  study  was  conducted  in  order  to  determine 
a  cooling  method  that  left  no  isolated  thermal  hot  zone  in  the  disk. 
Experience  had  shown  that  such  a  zone  caused  a  void  due  to  shrinkage .  The 
results  of  the  study  were  presented  as  temperature  contour  plots  of  the 
disk  and  die  versus  time. 

A  program  of  attachment  development  was  conducted.  The  integral 
shaft  spin  disk  required  a  new  attachment  design.  It  is  a  boreless  design; 
therefore,  the  tie  bolt  and  Curvic  Couplings^  used  in  previous  hot  spin 
testing  could  not  be  used.  Attachment  designs  utilizing  high  expansion 
plastics  to  accomodate  the  difference  in  thermal  expansion  between 
ceramics  and  metals  were  developed  in  bench  rigs  and  the  hot  spin  rig. 
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FORWARD 


This  report  presents  the  work  completed  during  the  period  of  January 
1,  1^63,  chrough  December  31,  1985,  on  the  ’’Methodology  for  Ceramic  Life 
Prediction  Program,"  initiated  by  Mr.  Robert  Schulz  of  the  Office  of 
Conservation,  Division  of  Transportation  systems,  Department  of  Energy, 
and  monitored  by  the  Army's  Materials  Technology  Laboratory  under  Contract 
Number  DAAG-46- 77-C-0028 .  Funds  for  this  phase  of  the  work  were  provided 
by  the  Department  of  Energy.  This  work  was  necessary  in  formulating  a 
methodology  for  ceramic  life  prediction  so  that  ceramic  materials  can  be 
used  in  high  temperature  structural  applications.  The  principal 
investigator  of  this  program  was  R.  R.  Baker,  Ceramic  Materials 
Department,  Research  Staff,  Ford  Motor  Company.  The  technical  monitor 
was  Dr.  E.  M.  Lenoe  of  MTL.  The  authors  wish  to  thank  Drs .  E.  M.  Lc^oe , 
R.  N.  Katz,  and  Mr.  G.  D.  Quinn  of  MTL  for  suggestions  in  carrying  out  che 
program . 
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I .  INTRODUCTION 


i  The  objective  of  this  program  was  to  establish  a  methodology 
for  predicting  the  lifetime  reliability  of  structural  ceramic 
materials  in  high  temperature  applications.  -  The  program 
consisted  of  two  interrelated  parts:  one  the  determination  of 
statistical  and  time -dependent  strength  characteristics  of 
selected  structural  ceramic  materials  as  a  basis  for  analytical 
life  prediction;  two,  the  design  and  hot  testing  of  ceramic 
components  which  are  exposed  to  high  enough  temperatures  to  have 
time  dependent  reliability.  The  data  gathered  in  part  one  was 
used  to  predict  the  time  dependent  reliability  of  the  components 
in  part  two.  The  experimental  time  dependent  reliabilities 
determined  by  the  testing  required  in  part  two  were  compared  to 
the  predicted  time  dependent  reliabilities  to  verify  the 
analytical  models . 

As  the  program  evolved  additional  tasks  were  undertaken  in 
order  to  support  the  original  program  objectives.  The 
design,  test,  and  evaluation  of  ceramic  to  metal  joints  was 
undertaken  in  order  to  support  the  program  requirement 
for  a  reliable  attachment  method  for  integral  shaft  spin 
disk.  Also  a  specimen  development  task  was  undertaken  in  order 
to  meet  the  requirement  for  an  integral  shaft  spin  disk  with 
properties  suitable  for  hot  testing  with  time -dependent  failure 
conditions  prevailing. 

Early  work  in  the  program  was  concentrated  on  gathering  time 
dependent  properties  of  two  materials;  Norton's  NC-132  and  Ford's 
hot  pressed  silicon  nitride  (HPSN)  containing  3.5%  MgO.  The 
principal  time  dependent  property  measured  was  the  crack  velocity 
exponent.  This  was  done  by  three  methods;  double  torsion 
testing,  stress  rate  testing,  and  flexural  stress  rupture 
testing.  Also  fast  fracture  testing  with  precracked  specimens 
was  used  to  determine  inherent  flaw  size.  Flexural  stress 
rupture  testing  was  used  to  determine  the  time  to  failure  of  the 
materials  under  constant  stress  and  temperature  conditions.  This 
early  work  together  with  a  procedure  for  measuring  fracture 
mechanics  parameters  was  documented  by  Govila^ , ^ ( 3  ^ 

The  next  phase  of  the  program  concentrated  on  developing  and 
utilizing  tensile  testing  to  gather  time  dependent  material 
parameters.  Fourteen  tensile  stress  rupture  tests  were  conducted 
at  1000°C,  sixteen  tests  at  1200°C,  and  eleven  tests  at  1300°C. 
In  addition  some  precracked  tensile  stress  rupture  specimens 
were  tested.  The  crack  velocity  exponent  was  determined  at 
1200°C  from  the  tensile  stress  rupture  tests.  The  material 


used  for  these  tests  was  NC-132.  In  addition  the  crack 
velocity  exponent  and  pre-multiplier  at  1300°C,  1350°C,  and 
1400°C  were  determined  for  NC-132  using  double  torsion  methods. 
As  a  follow  on  to  previous  work,  additional  flexural  stress  rate 
and  stress  rupture  testing  was  conducted  on  NC-132  and  Ford's 
3.5%  MgO  HPSN.  This  work  was  documented  by  Govila^  ,  ^  ^  . 

Silicon  carbide  was  added  to  the  program  early  in  1980. 
Carborundum's  sintered  alpha  silicon  carbide  was  selected  for 
extensive  testing.  Fast  fracture  testing  was  conducted  to 
determine  the  materials  strength  versus  temperature.  Eight 
tensile  stress  rupture  tests  were  conducted  at  1200°C  and 

seven  tests  at  1300°C.  The  crack  velocity  exponents  were 
determined  from  these  tests.  Flexural  stress  rupture  tests 

were  conducted  at  1300°C  and  1400°C .  The  crack  velocity  expo 
nents  were  determined  at  1300°C  and  1400°C  from  these  tests. 
Extensive  fractography  was  conducted  on  the  failed  specimens 
to  document  the  causes  of  failure,  flaw  size,  and  flaw 
location.  This  work  was  published  by  Govila^,^,®. 

As  part  of  the  program's  continuing  investigation  of 
analytical  and  experimental  methods  in  ceramic  life  prediction 
aimed  toward  utilizing  structural  ceramics  in  pra  "ical 
applications,  a  component  was  selected  for  analysis.  The 
component  selected  was  the  hub  of  a  hot  pressed  ilicon  nitride 
turbine  rotor.  The  required  geometrical,  material,  strength,  and 
time  dependent  data  was  supplied  by  MTL.  A  finite  element 
computer  model  was  prepared  for  the  disk  from  this  data.  The 
temperature  and  stress  distributions,  the  fast  fracture  and  the 
time  dependent  reliabilities  were  calculated.  The  results  were 
presented  in  isostress  and  isothermal  plots  for  the  combined 
centrifugal  and  thermal  loadings  as  well  as  iscstress  plots  for 
the  centrifugal  loadings.  The  reliability  versus  time  for 
the  disk  to  1000  hours  was  calculated  and  presented  graphically. 
The  work  was  documented  in  a  technical  report  by  Swank^ . 

The  data  generated  in  the  early  phases  of  the  program  was 
used  to  design  a  NC-132  bladeless  turbine  disk  which  was  tested 
in  a  hot  spin  test  rig.  The  disk  was  designed  to  fail  due  to 
time  dependent  mechanisms.  Several  disks  were  fabricated  and  an 
existing  test  rig  was  developed  to  test  the  disks.  Ten  disks 
were  tested  at  steady  state  under  the  design  conditions  of 
2300°F  rim  temperature  and  50,000  rpm  for  periods  of  0.20 
hours  to  25  hours.  Six  disks  failed  due  to  time  dependent 
failure  and  four  tests  were  suspended.  An  experimental  failure 
distribution  was  obtained  for  the  ten  disks  and  presented  as 
reliability  versus  time.  Three  different  data  bases  (double 
torsion,  stress  rate,  and  stress  rupture)  were  used  to 
calculate  reliability  versus  time  and  results  were  compared  to 
the  experimental  results.  The  best  correlation  with  experi¬ 
mental  results  was  with  stress  rupture  data.  The  results 

of  this  effort  were  documented  by  Baker  et  al^.H. 
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The  results  of  the  NC-132  bladeless  disk  testing  suggested 
repeating  the  tests  with  another  material  to  confirm  the  con¬ 
clusion  that  the  stress  rupture  data  base  was  the  best  data  base 
to  use  for  calculating  reliability  versus  time.  Accordingly  a 
proposal  was  made  to  conduct  r.  similar  series  of  tests  utilizing 
an  integral  shaft  spin  disk.  This  disk  would  simplify  the 
mechanical  mounting  if  an  appropriate  attachment  system  could  be 
developed.  The  integral  shaft  disk  attachment  would  be  nore 
reliable  than  the  tie  bolt  and  face  spline  attachment  used  with 
the  NC-132  disk.  In  addition,  it  offered  the  possibility  of 

being  able  to  start-up  and  shut-down  the  test  several  times, 
something  not  possible  with  a  face  spline  attachment.  This  would 
mean  that  tests  could  be  conducted  for  longer  periods  of  time 
eliminating  suspensions,  and  giving  a  better  experimental 
failure  distribution. 

This  report  covers  the  last  segment  of  the  program,  where 
the  effort  was  directed  toward  repeating  the  bladeless  dick 
testing.  Initially  the  program  planned  on  using  existing 

materials  for  disk  fabrication.  These  materials  required 

extensive  flexural  fast  fracture  and  stress  rupture  characteri¬ 
zation  to  build  the  data  base  required  to  design  the  disk  and 
select  the  test  conditions.  As  the  existing  materials  were 
char_ cterized  it  became  apparent  that  their  development  was  not 
at  a  state  were  a  successful  correlation  program  could  be 

executed.  At  that  point  the  program  was  modified  to  include  a 
period  of  specimen  development  to  bring  the  materials  up  to  a 
point  where  a  successful  disk  program  could  be  conducted.  Along 
with  this  work  an  attachment  development  program  was  conducted  in 
order  to  develop  and  verify  a  metal  to  ceramic  attachment 
suitable  for  conducting  long  terra  tests  of  an  integral  shaft  spin 
disk. 


II.  DATABASE  COLLECTION 

A.  Silicon  nitride  data 

For  the  characterization  of  a  silicon  nitride  material  Ford 
supplied  billet  A-42  of  RM-20,  a  sintered  silicon  nitride.  This 
material  contained  8  weight  percent  yttria  as  the  major  sintering 
additive.  This  material  was  found  to  be  suitable  for  slip 
casting  gas  turbine  engine  components  such  as  rotors  and  adia¬ 
batic  diesel  engine  parts.  Sintering  was  done  in  a  nitrogen 
environment  without  any  over  pressure.  For  this  stuuy,  the 
material  was  cold  pressed,  nitrided  and  sintered  in  the  form  of  a 
rectangular  billet. 

Flexural  test  specimens  1.25  inches  long  by  0.25  inches  wide 
by  0.125  inches  thick  were  machined  from  billet  A-42.  All  faces 
were  ground  lengthwise  using  320  grit  diamond  wheels,  and  the 
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edges  ./ere  chamfered  lengthwise  to  prevent  edge  effects.  Tor 
flexural  strength  evaluation,  specimens  were  tested  in  four-point 
bending  in  an  Instron  testing  machine,  Model  1125,  using  a 
specially  designed  self -aligning  ceramic  fixture  made  from  hot- 
pressed  SiC^.  The  inner  and  outer  knife  edges  of  the  testing 
fixture  were  spaced  9 . 5 mm  and  19m m  apart,  respectively. 

The  f lex1.  ”al  stress  rupture  tests  at  elevated  temperatures 
(800°C  to  1200°C)  in  air  were  conducted  in  four-point  binding 
using  the  self -aligning  ceramic  fixture  and  a  rapid  temperature 
response  furnace.  The  load  was  applied  to  the  test  specimen 
through  a  cantilever  arm,  deadweight  assembly.  The  experimental 
set-up  was  equipped  with  a  microswitch  to  cut  off  the  power  to 
the  furnace  and  the  timer  ’t  the  instant  failure  of  '.he  specimen 
occurred.  The  total  time  to  failure  was  recorded.  An  overall 
view  of  the  test  set-up  and  complete  details  regarding  the  design 
and  operation  of  the  st  ess  rupture  test  rig  are  given  else¬ 
where^ 

At  room  temperature,  n  specimens  from  billet  A-42  were 
tested  in  four  point  bending  to  determine  the  fast  fracture 
strength.  The  statistical  variation  in  fracture  strength  at  room 
temperature  is  shown  in  Fig.  1.  The  fracture  strength  varied 
from  a  minimum  of  785  MPa  to  a  maximum  of  988  MPa  with  an  average 
strength  of  873  MPa,  standard  deviation  of  79  MPa  and  a  Weibull 
modulus  of  13. 
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Fig.  1.  Weibull  probability  plot  of  billet  A-42. 

Examination  of  the  fracture  surfaces  revealed  that  all 
failures  in  specimens  tested  at  room  temperature  were  associated 
with  porosity  in  the  material.  Typical  failure  occurring  at  a 
porous  region  is  shown  in  Fig.  2.  These  porous  regions  were 
approximately  50  micrometers  wide  and  100  micrometers  deep  as 
shown  in  Fig.  2.  Closer  examination  of  the  flaw  site  revealed 
that  the  grain  morphology  of  beta  silicon  nitride  inside  the 
porous  region  appeared  to  be  primarily  needle  shape  (accicular) 
and  less  accicular  away  from  it,  Fig.  2(b). 
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Fig.  2.  Typical  fast  fracture  surface. 

Stress  rupture  testing  was  carried  out  in  order  to  determine 
if  the  RM-20  material  was  susceptible  to  instability  in  the 
intermediate  temperature  range  from  600°C  to  1000°C.  A  total  of 
six  specimens  were  tested  in  stress  rupture  mode  and  the  results 
are  summarized  in  Table  1.  At  800°C,  one  specimen  was  tested  at 
an  applied  stress  level  of  413  MPa  and  sustained  the  stress  for 
over  300  hours  without  showing  any  signs  of  bending  or  failure. 
A  second  specimen  tested  at  482  MPa,  failed  in  88  hours.  The 
fracture  surface  shewed  a  porosity  associated  oxidized  region, 
Fig.  3.  Away  from  the  fracture  origin,  the  fracture  surface 
showed  the  smooth  appearance  of  crack  propagation  indicating 
trans - granular  fracture,  Fig.  3(C). 
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Fig.  3.  Stress  rupture  fracture  surface. 

At  1000°C ,  the  material  showed  a  distinctly  different 
behavior  than  that  seen  at  8C0°C .  Two  specimens  were  tested  at 
the  low  stress  level  of  "\UU  MPa.  One  .survived  306  hours  without 
failure  or  bending  while  the  second  specimen  failed  in  35  hours. 
Examination  of  the  fracture  surface  revealed  the  presence  of  a 


locally  oxidized  region  as  the  failure  initiation  source.  A 
third  specimen  was  tested  at  413  MPa.  The  time  to  failure 
decreased  significantly  with  failure  occurring  in  one  hour. 
Examination  of  the  fracture  surface  revealed  failure  occurring  at 
a  porosity  associated  oxidation  pit,  Fig.  4.  A  fourth  specimen, 
tested  at  482  MPa,  failed  in  one-half  hour.  In  brief,  this  short 
study  showed  that  Billet  A-42  material  has  oxidation  instability 
at  1000°C.  It  should  be  pointed  out  that  in  this  material,  all 
failures  were  associated  with  porosity  and  this  problem  can  be 
overcome  by  proper  sintering  conditions.  Current  work  at  Ford 
Motor  Company  is  being  directed  to  improve  this  material. 

4.  Uniform  Oxidation 
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Fig.  4.  Stress  rupture  fracture  surface,  1000C. 


B .  LAS  Data 


For  the  characterization  of  LAS  material  Ford  supplied  LAS 
plate  serial  number  A18C-7.  The  plate  was  machined  into 
. 125in  x  .25  in  x  1.25  in  bars  and  l.OOin  x  l.OOin  x  ,696in 
blocks.  All  test  bars  were  X-rayed  to  insure  that  they  were 
free  from  internal  flaws.  Fast  fracture  testing  was  conducted 
on  thirty  bars  to  establish  the  baseline  strength.  The  Instron 
machine  head  speed  was  0.5  mm/minute.  The  characteristic  modulus 
of  rupture  was  139  MPa  with  a  Weibull  modulus  of  10.0.  The 
distribution  mean  was  133  MPa  and  the  standard  deviation  was 
16.0  MPa.  The  sample  range  was  from  99  to  160  MPa. 
Examination  of  the  fracture  surfaces  revealed  that  the  majority 
of  the  failures  were  surface  originated.  The  statistical 
variation  in  fracture  strength  is  shown  in  Fig.  5.  Complete 
strength  data  for  the  fast  fracture  tests  is  given  in  Table  II . 


50  100  500  1000 

STRESS  (MPa) 

Fig.  5.  Weibull  probability  plot  of  LAS. 

Ten  LAS  specimens  were  prepared  for  flawed  beam  stress 
rupture  testing  by  precracking  using  a  Vickers  diamond  pyramid 
indenter  with  a  1000  gram  load.  This  controlled  precracking 
method  introduces  an  approximately  semi -circular  crack  of  48  to 
55  micrometers  deep.  Table  III  summarizes  the  flawed  beam 
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Fig.  6.  SEM  fractographs  of  LAS  specimens. 

(a)  View  of  fracture  surface,  pre-cracked 
specimen  tested  at  room  temperature. 

(b)  Higher  magnification  view,  PQR  is 
approximately  the  crack  front  boundary. 

(c)  View  of  fracture  surface,  pre-cracked 
stress  rupture  specimen.  Specimen  was  un¬ 
loaded  and  fractured  at  room  temperature. 

(d)  Higher  magnification  view  of  the  pre- 
cracked  region  PQR  seen  in  (c) .  Note,  the 
fracture  surface  is  smooth  and  similar  to 
that  seen  in  (b) . 


Two  precracked  specimens  were  tested  in  stress  rupture  at 
871°C  under  applied  stress  of  40  MPa,  without  failure  for  93 
and  50  hour,  respectively.  After  the  stress  rupture  testing  was 
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completed  both  specimens  were  tested  in  3-point  bending  using  a 
machine  head  speed  of  0.5  mm/minute  at  room  temperature  in  order 
to  reveal  if  any  subcritical  crack  growth  occurred.  Neither 
specimen  failed  at  the  precrack  site,  but  failed  away  from  it 
suggesting  crack  blunting  or  healing.  Similar  behavior  was 
noted  for  the  two  specimens,  numbers  35  and  36  in  Table  III, 
tested  at  the  same  applied  stress  of  40  MPa,  but  at  a  temperature 
of  927°C.  Both  sustained  50  hour  without  failure. 

Four  precracked  specimens  were  tested  at  982°C  and  at 
an  applied  stress  of  40  MPa.  All  sustained  50  hour  without 
failure.  These  specimens  were  then  tested  in  3-point  bending 
at  room  temperature  and  only  one  failed  at  the  precrack  site 
(specimen  37,  Table  III)  and  the  remainder  failed  away  from 
the  precrack  site  suggesting  crack  blunting  or  healing.  The 
fracture  surface  for  the  specimen  37,  which  failed  at  the 
precrack  site,  is  shown  in  Fig.  6.  The  semi-circular  crack 
front  region  PQR  is  visible  and  shows  smooth  re -propagation  of 
the  crack.  No  signs  of  any  subcritical  crack  growth  were  seen  in 
this  specimen.  This  behavior  is  similar  to  that  seen  in  a  fully 
dense  LAS  in  an  earlier  study,  Govila  et.  al . ^ .  Therefore,  it 
is  concluded  that  this  LAS  does  not  undergo  creep  deformation 
at  982°C  under  an  applied  stress  of  40  MPa  as  indicated  by 
flexural  stress  rupture  tests.  It  is  quite  possible  that  the 
material  may  undergo  creep  deformation  if  the  applied  stress  is 
increased. 

Application  of  LAS  as  a  structural  ceramic  material 
generally  requires  long  terra  thermal  stability.  To  evaluate 
the  thermal  stability  of  the  Ford  LAS,  sixteen  blocks  were 
precision  ground  from  the  A18C-7  plate.  The  blocks  were  divided 
into  four  groups.  Five  for  thermal  stability  testing  at  1600°F, 
five  for  testing  at  1700°F,  five  for  testing  at  1800°F,  and  one 
block  to  serve  as  a  control.  The  blocks  were  measured  in  a 
temperature  controlled  room,  with  the  temperature  held  at 
68°F,  plus  or  minus  0.5°F.  The  pattern  of  measurements  is  shown 
in  Fig.  7.  The  xyz  axis  was  identified  on  each  block  by  a 
small  chamfer  on  the  0-0-0  corner.  Along  the  x  and  y  axis  the 
blocks  were  measured  in  five  places,  and  along  the  z-axis  the 
blocks  were  measured  in  the  center.  The  reason  for  the 
limited  measurement  in  the  z -direction  was  that  the  surface 
normal  to  the  z-axis  was  used  to  rest  the  block  on  when  it  was 
in  the  oven;  therefore,  it  was  considered  inappropriate  to 
consider  the  z-direction  as  critical  to  the  experimental 
results . 


11 


z 


Fig.  7.  Thermal  stability  block  measurement  pattern. 

Electric  ovens  were  used  to  conduct  the  thermal  stability 
tests.  Samples  were  removed  from  the  ovens  at  285,  500,  and  1000 
hours  for  measurement.  The  results  are  shown  in  Table  IV.  In 
addition  to  dimensional  measurements  the  blocks  were  weighed  to 
four  decimal  places  in  grams  and  the  results  are  shown  in  the 
table.  The  sample  range  was  determined  for  each  dimension  and  is 
shown  on  the  table . 

Review  of  the  data  and  comparing  the  results  of  the  blocks 
thermally  soaked  versus  that  of  the  control  block,  indicate  that 
the  LAS  was  thermally  stable  over  the  temperatures  and  times 
tested. 
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III.  SPECIMEN  DEVELOPMENT 


A.  Introduction 

The  objective  of  the  specimen  development  part  of  the 
program  was  to  develop  the  methodology  to  fabricate  the  Integral 
Shaft  Spin  Disk  (ISSD) ,  Fig.  8.,  using  an  injection  molded, 
sintered  reaction  bonded  silicon  nitride  (IM-SRBSN) .  The  ISSD's 
were  to  be  used  in  a  series  of  stress  rupture  tests  conducted  in 
the  hot  spin  rig  to  provide  additional  data  for  the  verification 
of  time  dependent  failure  theories. 


Fig.  8.  The  integral  shaft  spin  disk  (ISSD). 

Ford  has  had  considerable  success  with  the  injection  molding 
process  for  both  thin  and  thick  cross-section  components  as  shown 
in  Figures  9,  10,  and  11.  Relative  to  thick  cross-section 
components,  Ford  has  demonstrated  that  turbocharger  and  AGT 
rotors  can  be  molded  without  internal  voids  or  external 
cracks.  Respectable  processing  yields  have  been  obtained  for 
turbocharger  rotors.  It  has  also  been  demonstrated  that 
these  thick  cross-section  components  can  be  processed  through 
the  binder  removal  process  without  the  creation  of  additional 
voids,  although  the  processing  yields  are  much  lower. 
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Fig.  11.  Ford  injection  molded  components  having  thick 
cross-sections . 


Ford  has  also  had  considerable  success  in  the  development  of 
sinterable  silicon  nitrides  of  which  SRBSN  is  one  type.  During 
the  course  of  these  developments,  Ford  has  gained  experience  in 
nitriding  and  sintering  technology  as  well  as  in  material 
characterization  of  both  fast  fracture  and  time  dependent 
properties.  Ford  has  also  d-^eloped  the  technological  expertise 
to  tailor  a  material  to  a  particular  property  requirement. 

The  individual  processing  steps  required  for  the  successful 
fabrication  of  an  ISSD  have  been  demonstrated.  However,  further 
development  work  was  required  to  improve  the  process  consistency, 
improve  the  overall  process  yields  at  each  process  step,  and  to 
further  improve  the  properties  of  the  IM- SRBSN  material.  The 
major  development  step  was  the  scaling  of  the  process  to 
accommodate  the  larger  ISSD  geometry. 
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The  specimen  development  work  was  divided  iwto  two  major 
areas:  (1)  injection  molding,  and  (2)  sintering-property  develop¬ 
ment.  Fig.  12.  illustrates  the  specific  processing  steps 
included  in  each  area.  The  experimental  program  focused 
research  on  the  known  problems,  which  were  identified  prior  the 
initiation  of  the  contract,  and  were  known  to  affect  the 
fabrication  of  a  large,  thick  cross-section  component  such  as  the 
ISSD . 

INJECTION  MOLDED  SRBSN  PROCESS  FLO'V  SHEET 


POWDER  PREPARATION 

i 

MIX  POWDER  WITH  ADDITIVES 

i 

MIX  POWDER  WITH  MELTED  BINDER  SYSTEM 

i 

INJECTION  MOLD 

i 

REMOVE  BMOER  PROM  COMPONENT 

i 

NITRIDE  TO  FORM  SI,  N, 

3  4 

i 

SINTER  TO  FULL  DENSITY 

l 

CHARACTERIZE  PROPERTIES 

Fig.  12.  Injection  molding  process  flow  sheet. 

The  following  sections  will  describe  the  results  of 
processing  experiments  designed  to  attack  specific  problems. 
Since  the  program  was  terminated  prior  to  the  completion  of  the 
planned  program,  these  individual  experiments  stand  alone.  The 
tasks  which  would  have  brought  the  experiments  together, 
resulting  in  the  successful  fabrication  of  an  ISSD, 
were  not  funded. 

B.  Injection  molding  experiment 

A  set  of  statistically  designed  experiments  was  performed  to 
relate  the  effect  of  four  injection  molding  variables  to 
component  quality  after  molding  and  after  binder  removal.  It  was 
shown  that  the  magnitude  of  these  variables  directly  effect  the 
quality  of  the  components  after  binder  removal.  The  results  are 
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consistent  with  a  general,  qualitative  model  relating  the 
quality  of  the  component  to  the  stress  state  developed  in  the 
component  during  molding. 

It  has  been  demonstrated  that  a  number  of  components  of 
differing  geometries  can  be  injection  molded.  Visual  inspections 
after  molding  show  that  all  of  these  components  can  be  molded 
without  visual  defects  (such  as  cracks);  however,  the  molding 
yield  may  vary  with  the  particular  geometry.  It  has  also  been 
demonstrated  that  in  general  these  components  will  develop 
cracks  during  the  binder  removal  process.  The  severity  of  these 
cracks  appear  to  be  a  function  of  the  component's  geometry.  The 
cracks  generally  occur  in  locations  having  severe  section 
changes.  These  locations  would  be  expected  to  be  "high"  stress 
areas . 

Many  discussions  have  centered  on  the  question  of  the 
presence  of  residual  stresses  within  the  molded  article  and 
whether  the  stress  state  of  the  molded  article  causes  cracking 
during  binder  removal.  It  is  generally  agreed  that  changes  in 
molding  conditions  should  affect  the  stress  state  of  the  part; 
however,  no  experimental  technique  has  been  identified  which  can 
measure  the  residual  stresses  in  a  molded  ceramic  article.  The 
purpose  of  the  injection  molding  experiment  was  to  determine  if 
changes  in  molding  conditions  result  in  changes  in  the  observed 
cracking  after  binder  removal. 

This  experiment  evaluated  the  effect  of  four  injection 
molding  variables  on  part  quality  after  molding  and  after  binder 
removal.  The  injection  molding  variables  were  die  temperature, 
injection  pressure,  material  temperature,  and  hold  time.  A 
24-1  fractional  factorial  experimental  design^,  shown  in 
Table  V,  was  employed.  The  experiment  was  repeated  for  two 
components,  each  representing  some  feature  of  the  ISSD.  A 
number  of  responses  were  measured  and  are  summarized  in  Table  VI . 

Two  responses  are  considered  critical  after  molding: 
(l)density,  and  (2)the  number  of  x-ray  indications.  The  quality 
parameters  relating  to  cracks  are  only  important  after  binder 
removal.  Table  VI  summarizes  the  direction  each  variable 
must  be  changed  from  the  average  value  to  effect  an  improvement 
in  the  component  quality  after  molding. 

The  responses  of  importance  after  binder  removal  are  those 
related  to  cracking.  Three  types  of  cracks  were  common  for  the 
components  molded  in  this  study.  While  responses  of  these  type 
of  defects  were  analyzed  after  molding,  it  was  determined  that 
these  responses  after  binder  removal  were  the  ones  which  were 
critical  to  the  production  of  quality  components.  Data  was 
obtained  after  the  binder  removal  process.  Table  VII  shows  the 
direction  each  variable  must  be  changed  from  the  average  value 
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in  order  to  improve  component  quality,  that  is  minimize  each  type 
of  crack. 

The  nature  of  the  experimental  design  resulted  in  the 
determination  of  the  effect  of  the  four  variables  on  the  various 
responses.  However,  because  this  was  a  fractional  factorial 
experimental  design,  the  interaction  between  variables  could  not 
be  determined.  This  design  was  used  as  a  screening  experiment  to 
identify  the  variables  having  a  major  effect  on  the  responses  and 
rn  identify  the  direction  in  which  to  change  these  variables  in 
future  experiments. 

The  results  generally  indicate  that  all  four  injection 
molding  variables,  die  temperature,  injection  pressure,  material 
temperature,  and  hold  time  should  be  reduced  in  order  to  improve 
the  component  quality.  The  results  all  generally  appear  to  be 
consistent  with  a  shrirkage/stress  model.  They  show  that 
conditions  which  are  thought  to  a  yield  l'w  stress  state  in  the 
component  also  result  in  a  high  quality  component  after  molding 
and  binder  removal.  They  also  show  that  the  molding  conditions 
directly  effect  the  quality  of  the  component  after  binder 
removal . 

C.  Binder  removal  experiment 

A  set  of  statistically  designed  experiments  was  performed 
to  determine  the  effect  of  three  binder  removal  processing 
variables  on  the  component  quality  after  binder  removal.  The 
results  indicate  that  complex  components  can  be  successfully 
processed  through  binder  removal  over  10  times  faster  with  the 
use  cr  a  pressurized  binder  removal  atmosphere.  The  results 
also  show  simple  components  can  be  successfully  processed  at 
these  high  rates  without  the  necessity  of  the  pressurized 
atmosphere . 

Binder  removal  is  the  most  difficult  processing  '  tep  in  the 
injection  molding  process,  and  it  has  probably  been  the  least 
studied.  A  large  number  of  processing  variables  exist  which 
could  effect  the  quality  after  binder  removal.  This  experiment 
studied  three  of  those  variables. 


A  set  of  experiments  were  designed  to  determine  the  effect 
of  three  processing  variables  on  the  component  quality  after 
binder  removal.  The  variables  investigated  were:  (1) 
the  pressure  of  the  binder  removal  atmosphere,  (2)  the 
rate  of  t  .mperature  rise,  and  (3)  the  complexity  of  the 
geometry  of  die  component.  A  full  factorial  2^  experimental 
design,  shown  in  Table  ViTT  was  employed  to  determine  primary 
effects  as  well  as  interaction  effects. 
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The  analysis  of  the  binder  removal  results  is  presented  in 
Table  IX.  The  results  indicate  that  higher  binder  removal 
percentages  are  obtained  at  high  pressure  than  under  low  pressure 
conditions.  This  was  found  to  be  true  for  both  the  large  and 
small  component.  The  results  also  indicated  that  the  large 
complex  component  exhibits  higher  binder  removal  percentages  than 
the  small  component.  This  result  is  surprising  and  may  be  due 
to  the  fact  that  different  materials  were  involved  in 
the  fabrication  of  the  large  and  small  components. 

The  results  were  re-analyzed  using  only  the  large  component. 
These  are  summarized  in  Table  X.  These  results  indicate 
that  the  maximum  binder  removal  occurs  at  high  pressure  and  low 
heating  rate.  An  interaction  between  these  two  variables  is 
present,  as  illustrated  in  Fig.  13. 


Fig.  13.  Percent  binder  removal  versus  pressure. 

The  quality  of  the  components  are  determined  by  the  number 
of  cracks  observed  by  visual  inspection.  The  results  for  the 
complete  matrix  are  presented  in  Table  XI  in  terms  of  total 
cracks.  The  results  indicate  that  in  order  to  minimize  component 
cracking  the  pressure  should  be  at  the  high  level.  These  results 
also  show  that  small,  simple  components  are  less  susceptible  to 
cracking  than  large,  complex  components.  There  is  a 
strong  pressure-size  interaction  which  is  illustrated  in  Fig.  14. 
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NUMBER  OF  CRACKS  VS  PRESSURE 


Fig.  14.  Interaction  of  pressure  and  component  size  on  the 
number  of  cracks  after  binder  removal . 

The  cracking  results  were  re-analyzed  for  the  large 
component  only.  These  results  are  summarized  in  Table  XII. 
All  results  show  that  the  amount  of  cracking  in  large  components 
can  be  minimized  by  performing  the  binder  removal  at  high 
pressure.  Pressure-heating  rate  interactions  are  also  present, 
as  illustrated  in  Fig.  15. 


Fig.  15.  Interaction  of  pressure  and  heating  rate  on  the 
number  of  cracks  after  binder  removal. 

Binder  removal  using  increased  pressures  result  in  improved 
quality  components.  The  binder  removal  percentages  are  higher 
and  the  amount  of  cracking  is  reduced.  Additionally,  the  binder 
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removal  times  can  significantly  be  reduced.  For  large 
components,  binder  removal  times  were  reduced  by  a  factor  of  six 
with  no  reduction  in  quality,  as  measured  by  percent  binder 
removal  or  number  of  cracks.  The  mechanism  for  the  benefi¬ 
cial  effect  of  pressure  is  unknown. 

D.  Microstructure  development 

The  analysis  of  the  microstructures  of  a  number  of 
compositions  within  the  yttria/alumina  system  showed  that  a 
critical  temperature  exists  above  which  exaggerated  grain  growth 
occurs  and  below  which  a  uniform  microstructure  can  be  obtained. 
Sintering  time  above  the  critical  temperature  was  identified  as 
the  principal  parameter  contributing  to  excessive  grain  growth. 

Prior  to  the  receipt  of  this  contract,  a  number  of 
compositions  in  the  yttria/alumina  system  were  dry  pressed, 
sintered  and  characterized.  The  purpose  of  this  study  was  to 
determine  the  processing  parameters  responsible  for  the 
development  of  the  unique  microstructural  features  responsible 
for  the  failure  origins  within  these  materials.  Attempts  were 
made  to  quantify  the  microstructure  obtained  by  SEM  analysis. 
The  maximum  grain  size  and  the  number  of  grains  exceed¬ 
ing  a  particular  size  were  determined. 

The  microstructure  of  the  yttria/alumina  SRBSN  materials  was 
determined  to  consist  of  a  bi-modal  type  distribution  of  needle 
shaped  grains  having  length  to  diameter  ratios  of  about  5/1  to 
10/1.  A  typical  micrograph  is  shown  in  Fig.  16.  The  strength 
of  materials  having  this  type  of  structure  is  in  the  80-95  Ksi 
region.  A  plot  of  strength  versus  porosity  ,Fig.  17,  shows  that 
the  strength  is  independent  of  porosity.  That  means  another  type 
of  defect  is  the  strength  controlling  parameter.  This  was 
determined  to  be  the  large,  needle  shaped  grains. 
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Fig.  16.  Typical  microstructure  of  the  baseline  SRBSN  material 

processed  above  tne  critical  temperature.  The  low 
magnification  photo  illustrates  the  exaggerated  grain 
growth,  while  the  high  magnification  photo  illustrates 
the  grain  growth  of  the  overall  structure. 
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Fig.  17.  Strength  versus  porosity  for  the  baseline  SRBSN  material 
processed  above  the  critical  temperature. 

Examination  of  the  structure  of  a  number  of  compositions 
processed  using  a  number  of  sintering  conditions  indicate  that 
grain  growth  occurs  above  a  particular,  critical  temperature. 
The  data  for  maximum  grain  size  and  the  number  of  large  grains 
per  unit  area,  Figures  18,  and  19  both  illustrate  this  finding; 
furthermore,  these  figures  show  that  time  at  temperature  above 
the  critical  temperature  is  the  significant  parameter  affecting 
grain  growth. 
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Fig.  18.  Maximum  grain  size  versus  time.  Open  symbols 
indicate  samples  processed  above  the  critical 
temperature  (Tempc) ;  the  solid  symbols  indicate 
samples  processed  below  the  critical  temperature. 
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Fig.  19.  Number  of  large  grains  per  unit  area  versus  time. 

Open  symbols  indicate  samples  processed  above 
the  critical  temperature  (Tempc) ;  the  solid 
symbols  indicate  samples  processed  below  the 
critical  temperature. 

These  results  define  a  set  of  acceptable  time- temperature 
sintering  parameters  required  for  obtaining  a  uniform 
microstructure  in  a  sintered  reaction  bonded  silicon  nitride. 
These  results  were  independent  of  composition  and  will  serve  to 
guide  the  processing  of  new  compositions. 

E.  Strength  experiment 

Dry  pressed  SRBSN  samples  processed  using  sintering 
parameters  designed  to  produce  a  uniform  microstructure 
demonstrated  strength  improvements  of  about  35  percent  over  the 
baseline  established  with  maximum  strengths  of  133  Ksi  with  a 
Weibull  modulus  of  22.  The  strength  of  injection  molded  SRBSN, 
processed  using  these  conditions  was  75-88  Ksi.  The  bulk 
microstructure  of  the  injection  molded  material  was  identical  to 
the  dry  pressed  material,  but  the  failure  origins  were  different. 
They  were  identified  to  be  metallic  inclusions  of  silicon  and 
iron. 
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The  strength  of  SRBSN  has  been  limited  by  microstructural 
features,  especially  large  needle  shaped  grains.  The  work 
described  in  the  previous  section  points  out  processing 
techniques  which  can  minimize  the  exaggerated  needle  growth  in 
SRBSN  materials.  This  section  describes  experiments  to  improve 
the  strength  of  SRBSN  compositions  through  microstructure 
optimization. 

Dry  pressed  compositions  of  SRBSN  were  sintered  using  four 
sets  of  processing  conditions  where  the  sintering  temperature  and 
time  were  varied.  They  included  a  baseline  where  the  sinter¬ 
ing  temperature  was  above  the  critical  temperature  for  grain 
growth  and  the  time  was  long.  The  others  included  short  time 
at  high  temperature,  long  time  at  low  temperature  (below  the 
critical  temperature)  and  an  intermediate  time  at  an 
intermediate  temperature  (near  the  critical  temperature) . 
These  last  three  conditions  were  designed  to  generate  a  micro¬ 
structure  free  of  the  large  needle  shaped  grains.  The 

density,  strength  and  microstructure  were  studied  for  the 
four  processing  conditions.  Selected  compositions  of  injection 
molded  SRBSN  were  also  studied  using  selected  processing 
conditions.  The  results  from  the  two  fabrication  techniques 
were  compared. 

The  strength  results  are  summarized  in  Table  XIII. 
The  results  show  that  the  strength  of  the  dry  pressed 
material  is  optimized  when  the  sintering  temperature  was  near 
the  critical  temperature.  Here,  the  density  was  maxi¬ 
mized  while  the  microstructure  remained  fine  and  uniform. 
The  fracture  origins  of  these  samples  could  not  be  identified, 
but  a  plot  of  strength  versus  volume  fraction  porosity,  Fig.  20, 
for  a  number  of  compositions  processed  using  these  conditions 
show  that  the  strength  controlling  defect  is  probably  porosity. 
Samples  processed  in  experiment  4  exhibited  strengths  of  133  Ksi 
and  a  Weibull  modulus  of  22.  This  represents  a  35  percent 

increase  in  strength  over  the  baseline  value. 
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Fig.  20.  Strength  versus  volume  fraction  porosity  for 

a  SRBSN  processed  below  the  critical  sintering 
temperature.  The  observed  strength  increase  is 
due  to  an  optimized  microstructure. 

The  injection  molded  SRBSN  was  processed  using  the  baseline 
conditions  and  those  of  experiment  4.  The  strength  of  the  molded 
material  did  not  improve  with  the  new  sintering  conditions. 
Analysis  showed  that  the  bulk  microstructure  was  identical  to 
the  corresponding  dry  pressed  material,  Fig.  21,  but 
the  fracture  origins  were  different.  SEM  analysis 

showed  the  strength  controlling  defects  to  be  metallic  inclu¬ 
sions  of  silicon  and  iron,  Fig.  22. 
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Fig.  21.  Typical  micrographs  of  dry  pressed  (A)  and 
injection  molded  (B)  SRBSN,  processed 
using  the  "optimum"  sintering  cycle. 
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Fig.  22.  Typical  fracture  origins  of  the  injection 
molded  SRBSN .  Inclusions  are  compounds  of 
iron  and  silicon. 

F.  Integral  shaft  spin  disk  (ISSD)  mold  design 

The  most  critical  aspect  of  injection  molding  a  thick  cross 
section  component,  like  the  ISSD,  is  the  solidification  behavior 
of  the  molding  material  in  the  die  cavity.  If  solidification  is 
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not  controlled  properly,  internal  voids  and  cracks  occur. 
Heretofore,  the  control  of  the  solidification  behavior  has  been 
somewhat  by  chance.  This  important  factor  has  not  been  con¬ 
sidered  in  the  design  of  tooling  for  injection  molded  silicon 
nitride  components . 

The  solidif icauion  behavior  of  the  molding  material  is 
controlled  by  the  temperature  of  the  material.  The  molding 
material  solidifies  with  decreasing  temperature.  The  last 
volume  of  material  to  solidify  tends  to  have  a  void  in  it  due  to 
shrinkage.  This  volume  is  the  last  part  to  cool.  A  properly 
designed  injection  molding  tool  controls  the  temperature  distri¬ 
bution  with  time  so  that  the  last  volume  to  cool  to  the  solidi¬ 
fication  temperature  is  in  the  sprue,  and  not  in  the  part. 

The  purpose  of  this  study  was:  (1)  to  apply  conventional 
finite  element  techniques  to  model  the  temperature  distribution 
with  time  of  the  injection  molding  material  in  an  ISSD  config¬ 
uration,  (2)  iterate  the  tooling  design  using  the  model 
until  the  desired  temperature  distribution  was  obtained,  and 
(3)  fabricate  the  optimum  tooling  and  confirm  the  model  by 
producing  ISSD  components. 

An  axisymmetric  finite  element  heat  transfer  program  with 
transient  temperature  capabilities  was  used  to  study  the  temper¬ 
ature  distribution  with  time  of  the  injection  molding  material  in 
the  ISSD  die  cavity.  The  finite  element  model  is  shown  in  Fig. 
23.  The  model  simulates  three  parts  of  the  ISSD  injection 
molding  die,  the  base,  the  cone  section,  and  the  cap,  as  well  as 
the  molding  mix.  The  molding  material  includes  two  sections,  the 
integral  shaft  spin  disk,  and  the  sprue.  After  molding  the  sprue 
is  machined  away,  but  at  molding  time  the  two  parts  are  as  one. 


Fig.  23.  ISSD  injection  molding  die  finite  element  model. 


External  to  the  die  itself  is  a  cooling  system  which  is 
used  to  control  the  molding  mix  temperature  as  it  is  cooled.  In 
this  study  air  impingement  and  water  cooling  systems  were 
studied.  The  hardware  needed  to  implement  the  cooling  system 
does  not  to  be  modeled,  since  it  appears  in  the  finite  element 
model  only  as  heat  transfer  coefficients. 

The  cooling  of  the  molding  mix  and  die  was  simulated  with 
heat  transfer  calculations  assuming  a  uniform  initial  die  temper¬ 
ature  was  100°F,  and  a  uniform  initial  molding  material  was 
215°F.  These  are  reasonable  assumptions  since  the  die  and  the 
molding  material  are  initially  heated  and  their  temperatures  are 
monitored  before  molding  a  part.  These  are  the  target  tempera¬ 
tures.  The  molding  material  must  be  heated  before  molding  so 
that  it  flows  freely,  and  the  die  must  be  at  the  proper  tempera¬ 
ture  so  that  the  incoming  molding  material  does  not  stick  to  the 
die ,  interfering  with  the  flow  of  the  molding  material  into  the 
die.  The  die  is  filled  in  a  fraction  of  a  second  which  further 
justifies  uniform  initial  temperatures. 

The  temperature  distribution  two  minutes  after  the  die  is 
filled  is  shown  in  Fig.  24.  The  die  is  being  cooled  with  air 
impinging  on  the  acute  cone,  and  the  die  is  sitting  on  the 
heater  at  a  temperature  of  180°F.  There  is  a  hot  spot  of  200°F 
in  the  middle  of  the  disk  region.  If  this  cooling  pattern 
continued  a  shrinkage  void  would  result. 


Fig.  24.  Temperature  distribution  two  minutes  after  filling. 

Figure  25  illustrates  the  temperature  distribution  14 
minutes  after  filling  assuming  the  die  has  been  removed  from  the 
heater  and  sat  on  a  large  plate  whose  temperature  is  75°F.  The 
middle  of  the  disk  region  is  warmer  than  that  of  the  rest  of  the 
part  and  it  will  solidify  last,  leaving  a  shrinkage  void. 
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Fig.  25.  Temperature  distribution  14  minutes  after  filling, 
die  removed  from  the  heater. 

This  is  the  situation  to  oe  avoided.  The  die  must  be  left 
on  the  heater,  so  that  heat  can  be  delivered  to  the  die  and 
molding  material  establishing  the  temperature  distribution  shown 
in  Fig.  26.  Here  the  temperatures  are  uniformly  decreasing  down 
the  length  of  the  part.  Heat  is  flowing  in  from  the  base  and 
out  the  acute  cone.  Continued  cooling  with  this  distribution 
will  not  leave  any  hot  spots  isolated  in  the  interior  of  the 
part . 


Fig.  26.  Temperature  uistribution  10  minutes  after  filling. 

To  maintain  a  uniformly  decreasing  temperature  distribution 
the  heater  temperature  must  be  reduced  while  cooling  is  main¬ 
tained  on  the  cone.  Fig.  27.  illustrates  the  die  at  twenty 
minutes  assuming  the  heater  temperature  was  reduced  to  160°F 
after  ten  minutes.  The  temperature  distribution  is  still 
uniformly  decreasing  while  the  temperatures  have  dropped. 
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F:.g  27.  Temperature  distribution  20  minutes  after  filling. 

Figure  28  illustrates  the  temperature  distribution  30 
minutes  after  filling  assuming  the  heater  temperature  was 
reduced  at  20  minutes  to  140°F.  The  temperatures  have  now 
decayed  to  the  point  where  the  molding  material  has  solidified 
and  no  hot  spots  have  been  left  behind  in  the  molding  material’s 
interior.  At  this  point  in  time  the  die  could  be  removed  from 
the  heater  for  some  further  cooling  and  the  part  could  l j 
removed  from  the  die . 


Fig.  28.  Temperature  distribution  30  minutes  after  filling. 

Several  temperature  distributions  versus  time  were  calcul¬ 
ated  for  cooling  systems  where  the  heater  temperature  was 
constant  with  time,  but  none  of  these  gave  the  desired  result  of 
leaving  no  isolated  hot  spots  in  the  molding  mix  interior.  It 
appears  that  heater  temperature  control  is  necessary  to  achieve 
this  result. 
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IV .  ATTACHMENT  DEVELOPMENT 

A.  Introduction 

Two  types  of  ceramic  to  metal  attachments  were  developed  to 
allow  hot  spin  testing  of  integral  shaft  spin  disks.  Both 
attachments  used  the  principle  of  a  high  thermal  expansion 
plastic  sleeve  trapped  in  a  relatively  constant  volume  created 
between  ceramic  and  steel  shafts.  One  attachment  uses  a  steel 
lock  nut  to  trap  the  plastic,  and  the  second  uses  a  special  type 
of  thread  on  the  ceramic  shaft  to  trap  the  plastic. 

Both  these  patented  attachment  designs  were  successfully  and 
extensively  tested  in  bench  test  rigs  using  several  plastic  and 
ceramic  materials.  Spin  rig  tests  of  the  metal  lock  nut 
version  ran  slightly  more  than  80  hours  in  the  hot  spin  rig. 
Two  further  versions  of  the  screw  on  type  attachment  are 
presently  under  construction  and  a  new  version  of  the  lock  nut 
attachment  is  presently  in  test. 

Early  life  prediction  tests  were  conducted  using  spin  disks 
machined  from  hot  pressed  billets  of  silicon  nitride.  These 
disks  were  mounted  on  a  steel  shaft  using  curvic  couplings  and  an 
air  cooled  tie  bolt^.^.  The  use  of  curvic  couplings  to  attach 
a  relative  thin  disk  require  a  metal  to  ceramic  attachment  in  a 
hot  environment  and  the  attachment  may  have  high  stresses.  For 
life  prediction  testing  this  presents  the  potential  of  a  failure 
due  to  the  ceramic  to  metal  attachment  instead  of  a  failure  in 
the  ceramic  due  to  time  dependent  characteristics  of  the  ceramic. 

The  casting  of  a  spin  disk,  Fig.  29,  with  a  six  inch 
integral  shaft  made  possible  an  attachment  located  in  the  bearing 
compartment.  This  is  a  relatively  low  temperature  region  and  the 
attachment  would  have  low  stresses.  The  disk  would  run  in  an 
environment  where  it  would  be  subjected  to  only  thermal  and 
centrifugal  stresses.  This  would  make  a  much  more  controlled 
test  for  life  prediction  testing. 
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Fig.  29.  Integral  shaft  rotor. 

After  some  deliberation  a  design  was  conceived  which  used  to 
advantage  the  relatively  high  thermal  expansion  rate  of  various 
plastics  along  with  their  softness  compared  to  ceramics.  The 
design  concept  lent  itself  to  two  configurations  which  were 
termed  the  non- threaded  high  expansion  lock  attachment  and  the 
threaded  high  expansion  lock  attachment.  The  non- threaded 
lock  was  the  first  design  to  be  developed  and  will  be  reported 
first.  The  basic  principle  of  operation  is  the  same  for  both 
designs;  however,  the  method  of  accomplishing  this  is  different. 

B.  Non- threaded  design  high  expansion  lock 

The  most  fundamental  problem  in  joining  ceramics  with  metals 
is  their  greatly  differing  thermal  expansion  rates.  A  ratio  of  5 
to  1  for  steel  and  ceramic  are  not  unusual.  If  joints  of  steel 
and  ceramic  are  assembled  and  locked  at  a  common  temperature  and 
then  heated,  strains  quickly  develop  in  the  ceramic  which  can 
cause  failures  at  very  modest  temperature  excursions.  For  this 
reason  attachment  of  metals  to  ceramics  in  areas  subject  to 
temperature  variations  is  difficult.  The  idea  of  using  a 
high  expansion  plastic  sleeve,  trapped  in  a  volume  formed  by 
concentric  shafts  was  first  tested  in  a  simple  bench  test  rig 
shown  in  Fig  30. 
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OUTER  STEEL  SHAFT 


Fig.  30.  First  design  non-threaded  high  expansion 
lock  bench  test  rig. 

This  design  trapped  a  nylon  sleeve  in  the  relatively 
constant  volume  chamber  formed  by  inner  and  outer  steel  shafts 
and  two  end  caps.  Nylon,  with  linear  expansion  rate  of  45  to 
55xl0‘^°F,  would  with  increasing  temperature,  increase  in  volume 
much  faster  than  the  entrapping  chamber.  This  volume 
expansion  would  create  high  pressure  in  the  nylon  sleeve, 
locking  the  two  steel  shafts.  Steel  was  used  for  both  shafts  in 
the  first  design  to  simplify  the  fabrication  problems.  Also,  to 
simplify  the  fabrication  problem,  the  nylon  sleeve  and  the  inner 
steel  shaft  were  slip  fit  at  room  temperature.  This  provided  no 
locking  at  room  temperature,  a  feature  required  for  a  successful 
attachment.  The  design  would  demonstrate  the  principle  and 
room  temperature  locking  could  be  incorporated  into  the  design 
later . 

The  two  end  nuts,  and  the  two  shafts  were  made  of  cold 
rolled  steel.  The  sleeve  was  nylon  and  the  dimensions  were  sized 
to  give  the  nylon  sleeve  a  slip  fit  over  the  inner  shaft  and 
inside  the  outer  shaft.  The  end  nuts  were  screwed  down  tightly 
against  the  nylon.  This  assembly  was  heated  to  180°F 
metal  temperature  and  the  shaft  was  pushed  axially 
through  the  assembly.  The  break  away  load  was  3200  pounds 
and  constant  motion  was  sustained  at  2000  pounds.  This  test 
proved  that  the  loads  necessary  to  hold  a  rotor  shaft 
assembly  could  be  generated. 

To  accomplish  room  temperature  locking,  a  new  nylon  sleeve 
was  made  that  had  a  bore  diameter  0.003  inches  larger  than 
the  0.750  inch  diameter  steel  shaft.  The  outer  diameter  was 
0.003  inch  larger  than  the  1.000  inch  inner  diameter  of  the 
outer  steel  shaft.  In  order  to  assemble  the  parts,  the  inner 
shaft  and  the  sleeve  were  soaked  in  a  dry  ice  and  alcohol  bath 
until  the  sleeve  had  shrunk  to  a  tight  fit  to  the  inner  shaft 
and  a  slip  fit  to  the  outer  shaft.  The  parts  were  then 
assembled  and  allowed  to  return  to  room  temperature.  Axial 
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break  away  load  at  room  temperature  was  800  pounds  and  the 
sliding  load  was  500  to  600  pounds.  The  parts  were  then 
heated  to  300F  in  order  to  simulate  rig  temperatures  and  re- 
cooled.  Examination  of  the  parts  at  room  temperature  dis¬ 
closed  that  the  steel  outer  shaft  had  plastically  yield?'’  due  to 
the  high  pressures  generated.  These  initial  bench  tests  proved 
that  the  idea  would  work  but  that  the  nylons'  expansion 
rate  was  too  high,  generating  a  very  rapid  internal  pressure 
rise  when  heated.  Also,  the  inner  steel  shaft  caused  the 
entrapped  volume  to  be  smaller  for  a  given  temperature  than  an 
inner  ceramic  shaft  would  thus  making  the  pressure  rise  even 
greater . 

A  new  bench  rig  was  designed  that  more  closely  simulated  a 
ceramic  to  steel  attachment  as  shown  in  Fig.  31.  The  outer 
steel  shaft  wall  was  increased  in  thickness  for  additional 
strength  and  a  silicon  nitride  inner  shaft,  of  NC-132,  was 
substituted  for  the  steel  inner  shaft  to  reduce  the  force  on  the 
nylon  sleeve's  internal  diameter. 

LOCK  NUT 


Fig.  31.  Second  design  non- threaded  high  expansion 
lock  bench  test  rig. 

The  test,  after  assembled  parts  came  to  room  tempera¬ 
ture,  produced  no  motion  between  the  parts  at  3600  pounds  axial 
load.  This  high  load  indicated  that  nylon  was  unsatisfactory  as 
a  sleeve  material,  since  nylons'  expansion  rate  would  cause 
excessive  pressures  on  the  steel  outer  shafv.  at  anticipated 
operated  temperature, 

A  new  sleeve  of  Celanese  Plastic's  Celcon  GC-25  was 
fabricated.  This  plastics  expansion  rate  was  22xl0'^/°F 

as  compared  to  45  to  55x10" ^/°F  for  nylon.  The  first  test 

using  Celcon  GC-25  produced  a  room  temperature  break  away  load 
of  3400  pounds  and  at  140°F  the  load  rose  to  4600  pounds. 
As  a  check  against  a  plastic  deformation  of  the  steel,  the 
assembly  was  heated  to  300°F  and  cooled.  No  deformation 

occurred  and  the  assembly  remained  tight  at  room  temperature. 
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This  successful  test  lead  to  an  invention  disclosure  and  a 
patent  application.  Patent  number  4,485,545  was  awarded  December 
4,  1984. 

One  further  area  for  improvement  in  the  attachment  design 
was  to  increase  the  service  temperature  of  the  plastic  sleeve. 
A  new  product  of  Dupont,  Vespel  SP-22^,  was  selected 
which  has  a  service  temperature  of  500°F  and  an  expansion 
rate  of  15xl(T6  to  20xl0'6/°F.  Vespel  SP-22™  is  a  25% 
graphite  filled  polyimide  resin  with  a  bulk  modulus  of  475,000 
psi.  Its  higher  service  temperature  will  give  more  temperature 
flexibility  in  the  operation  of  high  expansion  locks. 

With  this  last  refinement  to  the  attachment  scheme  it  was 
decided  to  test  a  rotor  in  the  hot  spin  rig  and  machining  of  a 
high  expansion  lock  was  begun  on  an  integral  shaft  disk.  A 
cross-section  of  the  assembly  is  shown  in  Fig.  32.  Figure  33  is 
a  picture  of  the  detail  parts  in  the  assembly  plus  the  wrench 
necessary  for  assembly. 


Fig.  32.  Cross-sectional  view  of  non-threaded  high 
expansion  lock  rotor  assembly. 
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Fig.  33.  Non- threaded  high  expansion  lock  rotor  test  parts. 

The  assembly  was  balanced  to  0.001  inch-oz  and  installed 
into  the  hot  spin  rig.  The  initial  testing  consisted  of  nine 
short  runs.  After  each  run  the  rotor  assembly  was  removed  and 
checked  balanced  and  visually  inspected  to  see  if  any  separation 
of  the  parts  occurred.  This  series  of  tests  proved  the 
assembly  to  be  stable,  so  an  endurance  test  featuring  increasing 
speeds  and  temperatures  was  begun.  This  test  ended  after  80 

hours  of  testing  when  the  rotor  failed  at  45,000  rpm  and  1800°F 
rim  temperature.  The  failure  occurred  in  the  ceramic  part 
at  the  at  the  shoulder  where  the  0.750  diameter  portion  of  the 
ceramic  shaft  blends  into  the  1.310  inch  bearing  diameter.  The 
attachment  section  was  still  whole  and  had  to  be  machined  apart 
for  inspection. 

Careful  inspection  of  the  failed  parts  suggested  that 
contact  with  the  steel  locking  nut  in  the  shoulder  area  where  the 
failure  occurred  may  have  been  a  contributing  factor.  A 

simplifying  redesign  using  a  Vespel^  sleeve  with  a  locking 
thread  ground  on  the  sleeve  was  fabricated  and  was  tested. 
Figure  34  shows  the  part  which  takes  the  place  of  both  the 

sleeve  and  lock  nut  shown  in  Fig.  32. 
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Fig.  34.  All  Vespel^M  combination  lock  and  sleeve. 

The  all  Vespel^  combination  lock  and  sleeve  was  evaluated 
with  a  Kyocera  SN-220M  integral  shaft  spin  disk.  Testing  was 
conducted  at  1500°F  rim  temperature.  The  initial  test  was  at 
2000  rpm  for  a  period  of  one  hour.  The  assembly  was  then 
inspected  to  make  sure  that  no  relative  motion  between  the  rotor 
and  steel  shaft  had  occurred.  Testing  was  then  conducted  in  5 
hour  intervals,  starting  at  5000  rpm  and  going  to  25000  rpm,  in 
5000  rpm  increments.  The  assembly  was  inspected  after  each  5000 
rpm  increment.  After  these  incremental  tests,  twenty  and  one- 
half  hours  of  testing  were  conducted  at  30000  rpm  at  a  rim 
temperature  of  1500°F.  The  combination  lock  and  sleeve  performed 
successfully. 

C.  Threaded  design  high  expansion  lock 

In  the  non- threaded  design,  Fig.  32,  the  function  of  the 
lock  nut  is  to  form  one  of  the  entrapping  volumes'  walls.  The 
rotor  shaft  is  not  axially  locked  in  position  by  any  mech¬ 
anical  means  but  it  is  frictionally  locked  to  the  entrapped 
plastic  sleeve.  The  spacer  plug  is  not  necessary  to  the  design 
but  was  used  to  make  available  hardware  usable.  The  design 
thus  requires  two  parts  in  addition  to  the  two  being  joined. 

In  order  to  simplify  the  design  further  the  function  of  the 
lock  nut  would  have  to  be  assumed  by  a  shoulder  on  the  ceramic 
shaft  and  the  shaft  would  have  to  be  locked  to  the  steel  rotor 
shaft.  To  accomplish  this  a  threaded  ceramic  to  steel  attachment 
was  designed,  Fig.  35,  In  this  design  the  rotor  to  metal 
joint  requires  only  one  additional  part  to  accomplish 
attachment  and  that  is  the  plastic  sleeve.  In  assembly  the 
rotor  and  sleeve  are  cooled  and  screwed  into  the  rotor  shaft 
until  the  sleeve  is  axially  trapped.  This  design  was  granted 
a  patent,  number  4,499,646,  in  February  1985. 
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Parts  for  a  hot  spin  rig  test  were  fabricated.  The 
individual  parts  and  the  assembly  are  shown  in  Fig.  36.  The 
test  was  conducted  at  low  speed,  2000  rpm  and  the  rim  tempera¬ 
ture  of  the  rotor  set  at  2000°F  as  measured  by  a  radiation  pyro¬ 
meter.  After  15  minutes  of  testing  a  failure  occurred  in  the 
thread  portion  of  the  rotor  shaft.  Failure  analysis  of  the 
parts  suggested  that  the  metal  had  bridged  the  front  and  rear 
face  of  two  separate  threads  and  put  the  thread  section  in 
tension,  causing  a  failure  in  the  thread  root.  The  threads 
used  in  this  design  were  standard  60  degree  vee  threads.  Two 
possible  problems  were  considered  as  causing  the  failure:  (1) 
excessive  high  pressures  in  the  plastic  sleeve  which  would  cause 
excessive  tensile  loads  on  the  ceramic  threads,  and  (2)  a 
dimensional  mismatch  between  the  ceramic  and  steel  threads  which 
would  cause  excessive  stresses  in  the  ceramic  threads.  A  bench 
test  was  designed  to  try  and  duplicate  the  hot  spin  rig  failure 
and  allow  a  convenient  way  to  test  changes  in  thread  designs  to 
overcome  the  problem.  The  bench  rig  is  shown  in  Fig.  37. 
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Fig.  36.  Threaded  attachment  test  parts  and  assembly. 


Fig.  37.  Bench  test  rig  screw  thread  attachment. 
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In  order  to  also  generate  some  information  on  the  pressure 
rise  inside  the  assembly.  Three  strain  gages  were  placed  on  the 
outer  diameter  of  the  steel  part.  The  gages  were  temperature 
compensated  and  were  thermally  cycled  three  times  to  guarantee 
stable  readings.  The  ceramic  part  was  made  from  GTE’s  SNW- 
1000,  this  material  was  used  because  of  its  available.  The  steel 
part  was  cold  rolled  steel.  A  thermal  cycle  test  produced  a 
failure  on  the  first  cycle  at  210°F.  metal  temperature  at  an 
internal  pressure  of  1400  to  1600  psi.  The  failure  occurred  at 
temperature  just  a  few  degrees  above  the  normal  oil  temperature 
used  in  the  hot  spin  rig  and  the  test  appeared  to  give  a  very 
good  correlation  to  the  failure  of  the  actual  rotor  test.  The 
failed  assembly  is  shown  in  Fig.  38. 


Fig.  38.  Failed  bench  test  rig. 

The  pressure  produced  during  this  test  was  not  high  enough 
to  overload  the  ceramic  threads  in  tension;  hence,  the  problem 
appeared  to  be  due  to  axial  thread  interference  and 
subsequent  tension  in  the  ceramic  caused  by  expanding  metal.  A 
thread  design  was  sought  which  would  prevent  this  by  assuring 
sufficient  clearance  on  the  unloaded  side  of  the  thread.  This 
was  provided  by  a  buttress  thread  whose  basic  form  is  show  in 
Fig.  39. 
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Fig.  39.  Buttress  thread  form. 

Included  in  this  second  screw  thread  rig  test  was  a  tapered 
Vespel^  sleeve.  The  outside  sleeve  diameter  was  tapered  toward 
the  threaded  end  of  ceramic.  This  change  was  to  aid  assembly. 
With  a  straight  cylindrical  sleeve,  assembly  was  difficult 
because  the  parts,  as  cooled,  are  slightly  under  a  line  to  line 
fit.  Assembly  has  to  be  accomplished  quickly  or  the  joint  tends 
to  lock  up  while  half  assembled.  A  2  degree  taper  on  the  outside 
of  the  sleeve  enables  the  assembly  to  be  almost  completely 
secured  before  the  mating  parts  touch  and  begin  to  lock  up.  This 
modification  eased  the  assembly  by  permitting  most  of  the 
threads  to  engage  before  the  Vespel™  sleeve  came  in  contact  with 
the  steel  and  began  to  expand. 

The  steel  shaft  was  strained  gaged  as  in  the  previous  test. 
An  attempt  was  made  to  assemble  the  parts.  However,  the 
parts  began  to  lock  up  before  the  threads  were  fully  engaged. 
Torque  was  applied  to  the  ceramic  head  to  drive  the  Vespel™ 
fully  into  the  sleeve  cavity  but  the  SNW-1000  material  failed 
at  the  thread  as  shown  in  Fig.  40.  Since  this  material  with  its 
room  temperature  modulus  of  rupture  of  95000  psi,  wasn't  going 
to  stand  up  to  the  rigors  of  assembly,  a  new  ceramic  part  was 
made  from  NC-132,  a  hot  pressed  silicon  nitride. 


44 


Fig.  40.  Buttress  thread  test  rig,  SNW-1000. 

This  part,  along  with  the  sleeve  and  strain  gaged  outer 
steel  shaft,  are  shown  in  Fig.  41.  They  were 
successfully  assembled.  The  thermal  cycle  test  began  after  the 
assembly  had  normalized  at  room  temperature  for  24  hours.  Before 
assembly  the  strain  gage  pots  had  been  zeroed  with  the  steel 
case  unstrained.  The  pots  were  not  adjusted  during  the 
rest  of  the  test.  The  gage  readings  were  noted  before  the 
assembly  was  heated  and  are  shown  in  Table  XIV.  The  assembly 
was  slowly  heated  to  290°F  and  then  to  341°F  where  it  was 
allowed  to  remain  overnight.  The  readings  were  recorded,  the 
assembly  cooled  to  room  temperature  and  the  final  readings 
taken.  The  gages  readings  were  averaged  and  converted  to  stress 
assuming  the  Young's  modulus  was  30x10®  psi.  The  stress  values 
were  then  used  to  approximate  the  internal  pressure  using  Eqn. 
1. 
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Fig.  41.  NC-132  Buttress  thread  rig  parts. 
P  b2 
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where 

(Tj  -  hoop  stress(psi) 

P  -  internal  pressure, psi 

b  -  External  radius , inches 

a  -  Internal  radius , inches 

R  -  Radius  where  stress  is 

(0.655) 

(0.500) 

to  be  calculated , inches  (0.655) 

Equation  1  reduces  to  Eqn.  2. 


(7  'Y 


ii.  v, 


(2) 


Or  solving  for  pressure. 


P  ”  0 . 089  <j p 


(3) 


This  formula  is  used  to  predict  stress  in  thick  walled  tubes 
and  the  rig  part  doesn’t  strictly  meet  the  requirements  of  open 
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soak  -.are  very  consistent.  After  this  first  test  the  gages  were 
glass  beaded  off  the  outer  steel  shaft  and  the  assembly  is  shown 
in  Fig.  42. 


Fig.  42.  NC-132  Buttress  thread  test  rig  assembly. 

A  second  test  was  conducted  to  see  how  the  diameter  of  the 
assembly  changed  with  temperature.  The  data  appears  in  Fig.  43. 
This  data  shows  that  the  diameter  expands  at  a  rate  consistent 
with  a  linear  thermal  expansion  coefficient  of  8  or  9x10'^  inches 
per  inch  per  degrees  Fahrenheit  which  is  a  representative  value 
for  steels.  The  plastic  sleeve  pressure  contributes  little 
to  the  outer  steel  shaft  expansion.  This  data  is  useful  if  a 
joint  were  made  in  the  area  of  a  bearing  where  increases  in 
diameter  would  have  to  be  predicted  so  sufficient  cold 
clea’-anoes  could  be  built  in. 
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Fig.  43.  Assembly  diameter  increase  versus  temperature. 

After  the  final  diameter  versus  temperature  test,  an 
attempt  was  made  to  unscrew  the  ceramic  part.  The  parts  were 
tightly  held  together  and  it  was  necessary  to  machine  a  groove 
around  the  steel  portion  to  allow  the  threads  to  unscrew  without 
turning  the  ceramic  relative  to  the  sleeve.  After  final 
disassembly  several  of  the  ceramic  threads  were  found  to  be 
chipped.  There  were  some  chips  at  assembly,  but  the  further 
damage  was  probably  caused  by  a  chip  type  failure  occurring  at 
assembly  with  that  loose  chip  jamming  and  causing  much  more 
damage  upon  disassembly.  The  steel  sleeve  still  surrounding 
the  Vespel™  and  the  ceramic  had  to  be  pressed  apart  in  a 
special  fixture.  The  parts  and  the  fixture  are  shown  in  Fig. 
44 . 
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Fig,  44.  Disassembled  NC-132  buttress  thread  rig. 

Recent  efforts  have  been  directed  at  reducing  the  chipping 
tendency  of  the  very  thin  edge  of  the  3/4-12  buttress  threads 
first  used.  Taps  have  been  purchased  to  cut  3/4-8  buttress 
threads  and  a  3/4-6  Acme  thread  (29  degrees  face  angle).  Diamond 
plated  grinding  wheels  to  produce  these  threads  on  the 
ceramic  test  parts  are  also  being  purchased.  The  present  plan  is 
to  test  an  Acme  threaded  attachment  in  the  hot  spin  rig  with 
the  final  design  of  this  program  as  shown  in  Fig.  45. 
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V .  SUMMARY 


The  original  intent  of  this  phase  of  the  Life  Prediction 
Methodolgy  Program  was  to  repeat  the  stress  rupture  tests 
conducted  on  NC-132  disks  with  a  second  material  in  order  to 
verify  the  life  prediction  methods  developed  under  that  phase  of 
the  program.  These  tests  were  to  be  conducted  with  integral 
shaft  spin  disks.  The  integral  shaft  design  was  to  make  possible 
a  simpler  and  more  reliable  attachment  than  that  used  with  the 
NC-132  disks.  The  program  was  to  characterize  the  integral  shaft 
spin  disk  material  in  order  determine  the  test  conditions  for  the 
spin  disk.  The  assumption  was  that  the  material  was  reprodu¬ 
cible.  As  the  characterization  commenced  it  became  apparent  that 
the  material  was  not  reproducible;  therefore,  the  program  was 
modified  to  include  a  period  of  specimen  development  after  which 
the  characterization  and  testing  would  be  resumed.  Curtailment 
of  the  funding  precluded  the  completion  of  all  the  tasks. 

Initial  characterization  testing  was  conducted  on  a  sintered 
silicon  nitride  supplied  by  Ford.  Fast  fracture  testing  was 
conducted  at  room  temperature  on  ten  specimens  in  four  point 
bending.  The  fracture  strength  varied  from  a  minimum  of  785  MPa 
to  a  maximum  of  988  MPa  with  an  average  strength  of  873  MPa,  and 
a  standard  deviation  of  79  MPa  with  a  Weibull  modulus  of  13. 
Stress  rupture  testing  was  conducted  in  the  intermediate  tempera¬ 
ture  range  of  600°C  to  1000°C  to  determine  if  the  material  was 
instable  in  this  range.  Two  specimens  were  tested  at  a  stress 
level  of  344  MPa.  One  survived  306  hours  without  failure  of 
bending  while  the  second  specimen  failed  in  35  hours.  Examin¬ 
ation  of  the  fracture  surface  of  the  second  specimen  revealed  the 
presence  of  a  locally  oxidized  region  as  the  failure  initiation 
source.  A  third  specimen  was  tested  at  413  MPa.  It  failed  in 
one  hour.  The  behavior  of  these  three  specimens  and  others 
tested  indicated  that  the  material  has  an  instability  at  1000°C. 
At  this  point  the  program  was  reviewed  and  modified  to  include  a 
period  of  specimen  development. 

The  objective  of  the  specimen  development  part  of  the 
program  was  to  develop  the  methodology  to  fabricate  the  integral 
shaft  spin  disk  with  reproducible  properties,  using  an  injection 
molded,  sintered  reaction  bonded  silicon  nitride.  After  the 
specimen  development  was  completed  the  program  was  to  resume  the 
material  characterization  and  spin  testing  phases  of  the  program. 
The  specimen  development  was  divided  into  two  major  areas:  (1) 
injection  molding,  and  (2)  sintering-property  development. 

A  set  of  statistically  designed  experiments  was  performed  to 
relate  the  effect  of  four  injection  molding  variables  to  com¬ 
ponent  quality  after  injection  molding  and  after  binder  removal 
from  the  injection  molded  part.  The  experiments  evaluated  the 
effect  of  four  injection  molding  variables  on  part  quality 
after  molding  and  after  binder  removal.  The  injection  molding 
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variables  were  die  temperature,  injection  pressure,  material 
temperature,  and  hold  time,  A  2^'^  fractional  factorial  experi¬ 
mental  design  was  employed.  The  experiment  was  repeated  for  two 
components.  Two  responses  were  considered  critical  after 
molding:  (1)  density,  and  (2)  the  number  of  x-ray  indications. 
The  quality  parameters  relating  to  cracks  are  only  important 
after  binder  removal.  The  results  generally  indicated  that  all 
four  injection  molding  variables,  die  temperature,  injection 
pressure,  material  temperature,  and  hold  time  should  be  reduced 
in  order  to  improve  the  component  quality.  They  showed  that 
conditions  which  are  thought  to  a  yield  low  stress  state  in  the 
component  also  result  in  a  high  quality  component  after  molding 
and  binder  removal .  They  also  showed  that  the  molding  conditions 
directly  effect  the  quality  of  the  component  after  binder 
removal . 

A  set  of  statistically  designed  experiments  was  performed  to 
determine  the  effect  of  three  binder  removal  processing  variables 
on  the  component  quality  after  binder  removal.  The  variables 
investigated  were  (1)  the  pressure  of  the  binder  removal  atmo¬ 
sphere,  (2)  the  rate  of  temperature  rise,  and  (3)  the  complexity 
of  the  geometry  of  the  component.  A  full  factorial  2^  experi¬ 
mental  design  was  employed  to  determine  primary  effects  as  well 
as  interaction  effects.  The  results  indicated  that  higher  binder 
removal  percentages  are  obtained  at  high  pressure  than  under  low 
pressure  conditions.  This  was  found  to  be  true  for  both  large 
and  small  components.  The  results  also  indicated  that  the  large 
component  exhibits  higher  birder  removal  percentages  than  the 
small  component.  The  results  also  indicated  that  there  is  an 
interaction  between  the  heating  rate  and  the  pressure  of  the 
binder  removal  atmosphere. 

In  the  sintering-property  development  two  particular  things 
were  studied.  These  were  (1)  the  microstructure  development,  and 
(2)  strength  improvements.  Analysis  of  the  microstructures  of  a 
number  of  compositions  in  the  yttria/alumina  system  showed  that  a 
critical  temperature  exists  above  which  exaggerated  grain  growth 
occurs  and  below  which  a  uniform  microstructure  can  be  obtained. 
Sintering  time  above  the  critical  temperature  was  identified  as 
the  principal  parameter  contributing  to  excessive  grain  growth. 
Sintering  experiments  above  and  below  the  critical  temperature 
were  conducted  to  determine  maximum  grain  size  and  number  of 
large  grains  per  unit  area  versus  time.  The  results  defined 
a  set  of  acceptable  time  -  temperature  sintering  parameters 
required  for  obtaining  a  uniform  microstructure  in  a  sintered 
reaction  bonded  silicon  nitride. 

A  set  of  experiments  were  conducted  to  improve  the  strength 
of  the  sintered  reaction  bonded  silicon  nitride.  Dry  pressed 
compositions  were  sintered  using  four  sets  of  processing  con¬ 
ditions  where  the  sintering  temperature  and  time  were  varied. 
They  included  a  baseline  where  the  sintering  temperature  was 
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above  the  critical  temperature  for  grain  growth  and  the  time 
was  long.  The  others  included  a  short  time  at  high  temperature, 
long  time  at  low  temperature  and  an  intermediate  time  and 
temperature.  These  last-  three  sintering  conditions  were 

designed  to  generate  a  microstructure  free  of  the  large  needle 
shaped  grains.  The  density,  strength  and  microstructure  was 
studied  for  the  four  conditions.  The  results  showed  that  the 
strength  of  the  dry  pressed  material  is  optimized  when  the 
sintering  temperature  was  near  the  critical  temperature.  This 
produced  maximum  density  and  a  fine,  uniform  microstructure. 

In  addition  to  the  control  of  the  microstructure  and 
strength  of  the  molding  material,  the  injection  molding  die  used 
to  form  the  integral  shaft  disk  requires  careful  design.  The  die 
must  be  designed  to  control  the  solidification  behavior  of  the 
molding  material.  The  molding  material  solidifies  and  undergoes 
shrinkage  with  decreasing  temperature.  A  properly  designed 
injection  molding  tool  controls  the  temperature  distribution 
within  the  die  such  that  the  last  volume  to  cool  to  the  solid¬ 
ification  temperature  is  in  the  sprue,  and  not  in  the  part. 
This  eliminates  any  possibility  of  the  formation  of  shrinkage 
voids  within  the  component.  A  finite  element  heat  transfer  study 
was  conducted  on  a  proposed  integral  shaft  spin  disk  die. 
Temperature  contours  were  plotted  versus  time  for  several 
different  cooling  designs.  It  was  determined  that  in  order  to 
properly  control  the  cooling  of  the  molding  material  an  active 
temperature  control  was  required.  The  die  must  have  a  heater  on 
the  sprue  end  of  the  die,  and  the  output  of  the  heater  must  be 
reduced  with  time. 

The  integral  shaft  spin  disk  required  the  design  and 
development  of  a  new  type  attachment  which  uld  take  advantage 
of  the  long  ceramic  shaft  on  the  disk  to  jcate  the  ceramic  to 
metal  attachment  in  a  relatively  cool  location.  This  would 
increase  the  reliability  of  the  attachment.  Two  types  of  ceramic 
to  metal  attachments  were  developed  .  Both  attachments  used  the 
principle  of  a  high  thermal  expansion  plastic  sleeve  trapped  in  a 
relatively  constant  volume  created  between  ceramic  and  steel 
shafts.  One  design  used  a  steel  lock  nut  to  trap  the  plastic, 
and  the  second  used  a  special  type  of  thread  on  the  ceramic 
shaft  to  trap  the  plastic.  The  designs  were  extensively  tested 
in  bench  test  rigs  using  several  plastic  and  ceramic  materials. 
The  metal  lock  nut  version  was  testeu  for  more  than  80  hours  in 
the  hot  spin  rig. 

VI.  CONCLUSIONS 

A,  The  four  injection  molding  variables,  die  temperature, 
injection  pressure,  material  temperature,  and  hold  time 
should  be  reduced  in  order  to  improve  the  component 
quality . 
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B.  Binder  removal  rates  from  injection  molded  parts  are 
improved  with  the  use  of  a  pressurized  atmosphere . 

C.  A  pressurized  binder  removal  atmosphere  increases  compo¬ 
nent  quality. 

D.  An  active  temperature  control  is  required  for  injection 
molding  an  integral  shaft  disk. 

E.  The  high  expansion  lock  ceramic-to-metal  attachment  is 
suitable  for  use  in  a  hot  spin  rig  application. 
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TABLE  I 


Flexural  Stress  Rupture  Results  for  Billet  A-42 

Temperature  Applied  Failure  Suspension  Remarks 

Stress  Time  Time 
°C  MPa  Hours  Hours 


800 

413 

336 

Color  changed  to  light 
gray,  no  spot  formation 

800 

482 

88 

“ 

LOR,  Color  gray,  no 
spot  formation  and  no 
bending 

1000 

344 

35 

LOR,  Uniform  oxidation, 
Color  white,  no  spot 
formation  and  no 
bending 

1000 

344 

* 

306 

Color  white,  no  spot 
formation  and  no 
bending 

1000 

413 

1 

Oxidation  pit,  Color 
whitish  gray,  no  spot 
formation  and  no 
bending 

1000 

482 

0.5 

- 

Porosity,  Color  whitish 
gray,  no  spot  formation 
and  no  bending 

LOR  —  Local  Oxidation  Region 
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TABLE  II 


Fast  Fracture  Strength  Data  for  LAS  at  Room  Temperature 


Specimen  Fracture 

Specimen 

Fracture 

Specimen 

Fracture 

Number 

Strength 

MPa 

Number 

Strength 

MPa 

Number 

Strength 

MPa 

1 

114 

11 

143 

21 

127 

2 

127 

12 

130 

22 

125 

3 

156 

13 

156 

23 

116 

4 

130 

14 

130 

24 

128 

5 

125 

15 

126 

25 

118 

6 

142 

16 

130 

26 

99 

7 

143 

17 

129 

27 

134 

8 

156 

18 

142 

28 

139 

9 

141 

19 

137 

29 

143 

10 

161 

20 

121 

30 

130 
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TABLE  III 


Flexural  Stress  Rupture  Results  for  LAS 


Specimen 

Number 

Temperature  Applied  Suspension 
Stress  Time 

°C  MPa  Hours 

Fracture 

Stress 

MPa 

Remarks 

31* 

20 

93 (Fracture) 

Specimen  failed 
crack  site,  Fig. 

at  pre- 
3. 

32* 

20 

114(Fracture) 

Specimen  failed 
crack  site. 

at  pre- 

33 

871 

40 

93 

134 

Did  not  fail  at 
crack  site. 

the  pre- 

34 

871 

40 

50 

137 

Did  not  fail  at 
crack  site. 

the  pre- 

35 

927 

40 

50 

125 

Did  not  fail  at 
crack  site. 

the  pre- 

36 

927 

40 

50 

116 

Did  not  fail  at 
crack  site. 

the  pre- 

37 

982 

40 

50 

116 

Failed  at  the  precrack 
site  and  the  semi-circular 
crack  front  is  visible, 
Fig.  3. 

38 

982 

40 

50 

116 

Did  not  fail  at 
crack  site. 

the  pre- 

39 

982 

40 

50 

125 

Did  not  fail  at 
crack  site. 

the  pre- 

40 

982 

40 

50 

109 

Did  not  fail  at 

the  pre- 

crack  site. 

*  Tested  in  fast  fracture  mode  in  order  to  reveal  material's  strength 
containing  a  precrack. 
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TABLE  IV 


LAS  Thermal  Stability  Tests  Results 


BLOCK  SERIAL  NUMBER  I 
TEST  TEMPERATURE  1600  DEG-F 


BLOCK  SERIAL  NUMBER  2 
TEST  TEMPERATURE  1600  OEG-F 


TOTAL  TIME  AT  TEMPERATURE 


FACE 

0 

285 

500 

1000 

SAMPLE 

ANO 

LOCATION 

OF 

HOURS 

HOURS 

HOURS 

HOURS 

RANGE 

01  MENS  1  ON 

INCHES 

INCHES 

INCHES 

INCHES 

INCHES 

XA 

1 .00078 

l .00078 

1 .00077 

1 .00078 

0.00001 

XB 

1 .001 19 

1 .001 19 

1 .00118 

1  .OOlllt 

0.00005 

xc 

1 .00112 

1 .00108 

1.00107 

1 .00102 

0.00010 

xo 

1 .00085 

1 .00088 

1 . 00086 

1 .00082 

0.00006 

XE 

1  .00124 

1 .00125 

1 .00122 

1.00122 

0.00003 

YA 

1 .00058 

1.00057 

1 .00058 

1 .00056 

0.00002 

YB 

1 .00035 

1.00030 

1 .00032 

1 .00030 

0.00005 

YC 

1 .00052 

1 .00053 

1 .00057 

1 .00050 

0.00007 

YO 

1.0008  3 

1 .00045 

1.00068 

1 .00060 

0.00023 

YE 

1  .OOOLS 

1 .00033 

1.00036 

1 .00035 

0.00013 

ZC 

0.69692 

O.69698  0.69692 

0.69693 

0.00006 

.  1 GHT 

26.71)61. 

26 . 71*57  26.7661 

26.7L62 

0.0007 

GRAMS 


TOTAL  TIME  AT  TEMPERATURE 


FACE 

0 

285 

500 

1000 

SAMPLE 

ANO 

LOCATION 

OF 

HOURS 

HOURS 

HOURS 

HOURS 

RANGE 

DIMENSION 

INCHES 

INCHES 

INCHES 

INCHES 

INCHES 

XA 

1 .00062 

1 .00067 

1.00063 

1 .00062 

0.00005 

XB 

1 .00092 

1.00088 

1 .00087 

1 .00088 

0.00005 

XC 

1 .00073 

1 .00070 

1 .00077 

1 .00082 

0.00012 

XD 

1 .00055 

1.00058 

1 .00057 

1 .00056 

0.00003 

XE 

1 .00082 

1 .00085 

1 .00081. 

1.00086 

0.00004 

YA 

1 .00067 

1 .00058 

1 .00048 

l .00050 

0.0001 1 

YB 

1 .00055 

1.00056 

1 .00052 

1 .00054 

0.00003 

YC 

1. 00057 

1 .00060 

1.00057 

1 .00057 

0.00003 

YD 

1 .00060 

1 .00063 

1 .00059 

1 .00055 

0.00008 

YE 

1 .00066 

1 .00067 

1.00067 

1 .00063 

0.00004 

zc 

0.69685 

0.69711* 

0.69682 

O.6968L 

0.00032 

1  GHT 
:AMS 

26.7309 

26.7307 

26.7307 

26.7309 

0.0002 

BLOCK  SERIAL 

NUMBER 

3 

BLOCK  SERIAL 

NUMBER 

4 

TEST  TEMPERATURE 

1600  DEG-F 

TEST  TEMPERATURE 

1600  OEG-F 

TOTAL  TIME  AT 

TEMPERATURE 

TOTAL  TIME  AT 

TEMPERATURE 

FACE 

0 

285 

500 

1000 

SAMPLE 

FACE 

0 

285 

500 

1000 

SAMPLE 

ANO 

HOURS 

HOURS 

HOURS 

HOURS 

RANGE 

AND 

HOURS 

HOURS 

HOURS 

HOURS 

RANGE 

LOCATION 

LOCATION 

OF 

OF 

DIMENSION 

INCHES 

INCHES 

INCHES 

INCHES 

INCHES 

DIMENSION 

INCHES 

INCHES 

INCHES 

INCHES 

INCHES 

XA 

1 .00055 

1 .00055 

1 .00059 

1 .00050 

0.00009 

XA 

1 .0001*7 

1 .000LI* 

1 .00045 

1  .00047 

0.00003 

XB 

1 .00097 

1  .00096 

1 .00102 

1 .00099 

0.00006 

XB 

1  .00080 

1 .00082 

1 .00074 

1  .00077 

0.00008 

XC 

1 .00073 

1 .0008 1 

1.00077 

1  .00075 

0.00008 

XC 

1 .00053 

1 .00055 

1 .00057 

1 .00063 

0.00010 

XD 

1 . 00066 

1 .00038 

1 .00039 

1  .00038 

0.00008 

XD 

1 .000 1 1* 

1.00013 

1.00016 

1  .00013 

0.00003 

XE 

1 .00087 

1 .00087 

1.00081 

1  .00083 

0.00006 

XE 

1 .0005L 

1 .00053 

1  .00052 

1  .00050 

0.00004 

YA 

1 .00102 

1 .00098 

1 .00100 

1.00100 

0.00006 

YA 

1 .00055 

1  .00060 

1  .00057 

1  .00055 

0.00005 

Y8 

1 .0001.3 

1 .00037 

1 .00044 

1  .00040 

0.00007 

YB 

1  .001 12 

1.00111 

1.00117 

1 .001 12 

0.00006 

YC 

1 .00067 

1 .00065 

1 .00063 

1  .00067 

O.OOOOL 

YC 

1  .00091 

1 .00097 

1.00100 

1 .00095 

0.00009 

YD 

1 .00078 

1 .00075 

1  .00077 

1 .00072 

0.00006 

YO 

1  .00054 

1  .00057 

1  .00055 

1 .00055 

0.00003 

YE 

1  .00036 

l .00012 

1.00017 

1 .00013 

0 .0002 L 

YE 

1 .00110 

1 .0011 1 

1  .00109 

1.00112 

0.00003 

ZC 

0.69677 

0.69688 

0.69675 

0.69677 

0.00013 

ZC 

0.69693 

0.6971L 

0.69688 

0.69688 

0.00026 

1  GHT 
AMS 

26.7325 

26.7321 

26.7321 

26. 7326 

0.0004 

WEIGHT 

GRAMS 

26.7259 

26.7256 

26.7257 

26.7257 

0.0003 
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BLOCK  SERIAL  NUMBER  5 
TEST  TEMPERATURE  1600  OEG-F 


BLOCK  SERIAL  NUMBER  6 
TEST  TEMPERATURE  1700  DEC-F 


TOTAL  TIME  AT  TEMPERATURE 


TOTAL  TIME  AT  TEMPERATURE 


F  ACE 

0 

285 

500 

1000 

SAMPLE 

FACE 

0 

285 

500 

1000 

SAMPLE 

AND 

LOCATION 

OF 

HOURS 

HOURS 

HOURS 

HOURS 

RANGE 

AND 

LOCATION 

OF 

HOURS 

HOURS 

HOURS 

HOURS 

RANGE 

01  PENSION 

INCHES 

INCHES 

INCHES 

INCHES 

INCHES 

DIMENSION 

INCHES 

INCHES 

INCHES 

INCHES 

inches 

XA 

I .001 16 

i.ooiu 

1 .00112 

1.00115 

O.OOOOL 

XA 

1.00079 

1 .00078 

1 . 00080 

I .00082 

0.00001* 

XB 

1 .00096 

1 .00092 

1 .00091 

\ .00092 

0.00005 

XB 

1 .00059 

1  .0005l> 

1 .00052 

1 .00052 

0.00007 

xc 

1 .00102 

1 .00102 

1 .00101 

1  .00101* 

0.00003 

xc 

1 .00078 

1 .00077 

1 .00086 

1 .0008L 

0.00009 

XD 

1 .00117 

1 .001 IL 

1 .00113 

1 .00130 

0.00017 

XD 

1 .00096 

1 .00095 

1 .0009L 

1 .00096 

0.00002 

XE 

1 .00096 

1 .00095 

1 .00096 

\ .00090 

0.00005 

XE 

1 .00073 

1 .00072 

1 .00082 

1 .00078 

0.00010 

YA 

1 .00088 

1 .00088 

1 .00088 

1 .00083 

0.00005 

YA 

1 .00071 

1 .00071 

1 .00081 

1 .00080 

0.00010 

Y8 

1 .00085 

1 .00083 

1 .00086 

1 .00083 

0.00003 

YB 

1 . 0006L 

1 .00061 

1 .00062 

I .OOO63 

0.00003 

YC 

1  .00092 

1 .00093 

1 .00087 

!  .00089 

0.00006 

YC 

1  .00077 

1 .00077 

1 .00085 

1 .00090 

0.00013 

YD 

1 .00090 

1 .00091 

1 .00086 

1  .00088 

0.00005 

YD 

1 .00081 

1 .00082 

1  .00079 

1 .OOO83 

0.00001* 

YE 

1 .00090 

1 .00082 

1 .00081 

1 .00062 

0.00009 

YE 

1 .00075 

1 .00076 

1 .00085 

1 .OOO83 

0.00010 

ZC 

0.69685 

0.69708 

0.69698 

0.69692 

0.00023 

ZC 

0.69677 

0.69682 

0.69682 

O.69682 

0.00005 

WEIGHT 

GRAMS 

26.7683 

26.7677 

26.7675 

26.7676 

0.0008 

WE  1  GMT 
GRAMS 

26.7259 

26.7258 

26.7255 

26.7256 

0.0001* 

BLOCK  SERIAL  NUMBER  7 
TEST  TEMPERATURE  1700  OEG-F 


BLOCK  SERIAL  NUMBER  8 
TEST  TEMPERATURE  1700  DEG-F 


TOTAL  TIME  AT  TEMPERATURE 


TOTAL  TIME  AT  TEMPERATURE 


FACE 

0 

285 

500 

1000 

SAMPLE 

FACE 

0 

285 

500 

1000 

SAMPLE 

ANO 

LOCATION 

OF 

HOURS 

HOURS 

HOURS 

HOURS 

RANGE 

AND 

LOCATION 

OF 

HOURS 

HOURS 

HOURS 

HOURS 

RANGE 

DIMENSION 

INCHES 

INCHES 

INCHES 

INCHES 

INCHES 

DIMENSION 

INCHES 

INCHES 

INCHES 

INCHES 

INCHES 

XA 

1 .00102 

1 .0009L 

1 .00098 

1 .00096 

0.00008 

XA 

1 .00069 

1 .00067 

1 .00066 

1 .00058 

0.000 H 

xa 

1.00098 

1 .00096 

1.00095 

1.00097 

0.00005 

XB 

1 .00008 

1 .00008 

1 .00008 

1 .00006 

0.00002 

xc 

1  .00102 

1 .00088 

1 .00097 

1  .00085 

0.00017 

XC 

1 .00053 

1 .00053 

1 .00052 

1 .00070 

0.00018 

XD 

1  .00080 

1 .00075 

1 .00077 

1  .00068 

0.00012 

XD 

1 .00066 

1 .00095 

l  .00093 

1 .00102 

0.00056 

XE 

1 .00078 

1 .00077 

1 .00076 

1  .00076 

0.00006 

XE 

1 . 00060 

1 .00027 

1 .0001*2 

1 .00053 

0.00026 

YA 

1 .00083 

1 .00086 

1 .00087 

1 .00092 

0.00009 

YA 

1  .00066 

1 .00051 

1  .00039 

1 .00067 

0.00028 

Y8 

1  .00070 

1 .00071 

I .00107 

1 .00068 

0.00039 

YB 

1  .00128 

1 .00128 

l .00126 

1 .00135 

0.00009 

YC 

1  .00079 

1 .00081 

1 .00100 

1 .00082 

0.00021 

YC 

1  .00087 

1 .00115 

1  .00093 

1 .00095 

0.00028 

YD 

1  .00077 

1 .00079 

1 .00079 

1 .00070 

0.00009 

YO 

1  .00032 

1 .00071 

1  .00032 

1  .00029 

0.00042 

YE 

1 .00063 

1 .00063 

1  .00072 

1 .00058 

0.00016 

YE 

1  .00122 

1 .00125 

1 .001 17 

1.00130 

0.00013 

ZC 

0.69677 

0.69682 

0.69686 

0.69693 

0.00016 

ZC 

0.69690 

0.69687 

0.69706 

0.69698 

0.00019 

WEIGHT 

GRAMS 

26.7298 

26.7295 

26.7276 

26.7296 

0.0026 

WEIGHT 

GRAMS 

26.7631 

26.  71*27 

26 . 71*26 

26.7627 

0.0005 
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BLOCK  SERIAL  NUMBER  9 
TEST  TEMPERATURE  1700  OEG-F 

TOTAL  TIME  AT  TEMPERATURE 


BLOCK  SERIAL  NUMBER  <0 
TEST  TEMPERATURE  1700  DEG-F 

TOTAL  TIME  AT  TEMPERATURE 


FACE 

AND 

LOCATION 

0 

HOURS 

285 

HOURS 

500 

HOURS 

1000 

HOURS 

SAMPLE 

RANGE 

FACE 

ANO 

LOCATION 

OF 

0 

HOURS 

285 

HOURS 

500 

HOURS 

1000 

HOURS 

SAMPLE 

RANGE 

OF 

DIMENSION 

INCHES 

INCHES 

INCHES 

INCHES 

INCHES 

DIMENSION 

INCHES 

INCHES 

INCHES 

INCHES 

INCHES 

XA 

xe 

xc 

xo 

XE 

1 .00050 

1 .00058 

1 .00062 

1  .000L9 

1 .00052 

1 .00062 

1 .00053 

1 .00067 

1 .00038 

1 . 0006 1 

1 .00068 

1 .00052 

1 .00069 

1 .00037 

1 .00062 

1 .00068 

1 .00051 

1 .00066 
1.00033 

1 .00037 

0.00008 

0.00007 

0.00017 

0.00016 

0.00015 

XA 

XB 

XC 

XO 

XE 

1  .00076 

1  .00080 

1  .00084 

1  .00093 

1  .00091 

1 .00077 

1 .00081 

1  .00088 

1  .00093 

1  .00093 

1 .00073 

1 .00076 

1 .00088 

1 .00093 

1 .00087 

1 .00084 

1  .00080 

1 .00106 

1  .00090 

1 .00092 

0.00011 

0.00007 

0.00022 

0.00003 

0.00006 

YA 

YB 

YC 

YD 

YE 

1 .00102 

1  .00093 

1 .00098 

1 .00102 

1 .00088 

1 .00086 

1 .00086 

1 .00096 

1 .00091 

1 .00086 

1 .00085 

1 .00081 

1 .00093 

1 .00087 

1 .00082 

1 .00095 

1 .00080 

1 .00106 

1 .00093 

1 .00086 

0.00017 

0.00013 

0.00011 

0.00015 

0.00006 

YA 

Y8 

YC 

YO 

YE 

1 .00095 

1  .00105 

1  .00098 

1  .00102 

1  .00117 

1  .00093 

1  .00105 

1  .00103 
1.00103 

1  .00104 

1 .00096 
1.00106 
1.00106 

1 .00097 

1 .001 12 

1 .00096 

1 .001 1 l 

1 .00122 

1 .00103 
!  .00125 

0.00003 

0.00007 

0.00024 

0.00006 

0.00021 

zc 

0.69686 

0.69696 

0.69688 

0.69690 

0.00010 

ZC 

0.69681 

0.69681 

0.69682 

0.69682 

0.00001 

WEIGHT 

GRAMS 

26.7691 

26.7658 

26.7658 

26.7657 

0.0036 

WEIGHT 

GRAMS 

26.7581 

26.7576 

26.7575 

26.7577 

0.0006 

BLOCK  SERIAL  NUMBER  II 
TEST  TEMPERATURE  1 800  OEG-F 


TOTAL  TIME  AT  TEMPERATURE 


FACE 

0 

285 

500 

1000 

SAMPLE 

AND 

LOCATION 

OF 

HOURS 

HOURS 

HOURS 

HOURS 

RANGE 

DIMENSION 

INCHES 

INCHES 

INCHES 

INCHES 

INCHES 

XA 

1.00078 

1. 00118 

1 .00115 

1 .00116 

0.00060 

XB 

1 .00065 

1.00116 

1 .00117 

1 .00117 

0.00052 

xc 

1 .00090 

1 .00117 

1 .001 18 

1  .001 18 

0.00028 

xo 

1 .00095 

I.00H7 

1 .001 17 

1 .001 18 

0.00023 

XE 

1 .00093 

1  .00115 

1  .00116 

1.00113 

0.00023 

BLOCK  SERIAL  NUMBER  12 
TEST  TEMPERATURE  1800  DEG-F 


TOTAL  TIME  AT  TEMPERATURE 


FACE 

0 

285 

500 

1000 

SAMPLE 

AND 

LOCATION 

OF 

HOURS 

HOURS 

HOURS 

HOURS 

RANGE 

DIMENSION 

INCHES 

INCHES 

INCHES 

INCHES 

INCHES 

XA 

1.00128 

1.00120 

I.OOI22 

1.00122 

0 . 00008 

XS 

1  .00125 

1 -00123 

1 .00119 

1 .001 15 

0.00010 

XC 

1.00123 

1 .00121 

1 .00117 

1 .001 14 

0.00009 

XD 

1  .00114 

1.00112 

1 .00107 

1 .00106 

0.00008 

XE 

1.00113 

1 .00112 

1 .00107 

1 .00104 

0.00009 

YA 

YB 

YC 

YD 

YE 

1 .00122 
1.00123 
1.00125 
1.00120 

1 .00120 

1 .00077 

1 .00090 

1 .00087 

1 .00060 

1 .00072 

1 .00077 

1 .00092 

1  .00078 

1 .00060 

1 .00070 

1 .00076 

1 . 00096 

1 .00080 

1 .00059 

1 .00072 

0.00068 

0.00033 

0.00067 

0.00061 

0.00050 

YA 

YB 

YC 

YD 

YE 

1.00105 

1.00098 

1 .00099 

1 .00098 
1.00083 

1 .00100 

1 .00097 

1  .00102 

1 .00104 

1  .00083 

1 .00096 
t .00093 
1.00093 

1 .00096 

1 .00081 

1 .00095 
1.00095 

1 .00095 

1 .00082 
1.00082 

0.00010 

0.00005 

0.00009 

0.00022 

0.00002 

ZC 

0.69691 

0.69687 

0.69692 

0.69696 

0.00007 

ZC 

0.69678 

0.69677 

0.69675 

0.69675 

0.00003 

WE  1 GHT 
GRAMS 

26.7546 

26.7561 

26.7565 

26.756. 

0.0005 

WEIGHT 

GRAMS 

26.7628 

26.7424 

26.7625 

26.7622 

0.00C6 

59 


BLOCK  SERIAL  NJMBER  I  3 
TEST  TEMPERATURE  ' 800  OEG-F 

TOTAL  TIME  AT  TEMPERATURE 


BLOCK  SERIAL  NUMBER  16 
TEST  TEMPERATURE  1800  OEG-F 

TOTAL  TIME  AT  TEMPERATURE 


FACE 

AMO 

LOCATION 

0 

hours 

285 

HOURS 

500 

HOURS 

1000 

HOURS 

SAMPLE 

RANGE 

FACE 

AND 

LOCATION 

OF 

0 

HOURS 

285 

HOURS 

500 

HOURS 

1000 

HOURS 

SAMPLE 

RANGE 

OF 

01  MENS  1  ON 

INCHES 

INCHES 

•"-HES 

INCHES 

INCHES 

DIMENSION 

INCHES 

INCHES 

INCHES 

INCHES 

INCHES 

XA 

XB 

XC 

XO 

XE 

1 .00087 

1 .00067 

1 .00102 

1 .00130 

1  .00100 

1 .00087 

1 .00062 

1 .00098 

1 .00117 

1 .00097 

1 .00086 

1 .00062 

1 .00092 

1 .001 16 

1 .00093 

1.00092 

1 .00055 

1 .00101 

1 .001 15 

1 .00095 

0 . 00008 

O.OOOU 

0.00010 

0.00016 

0.00007 

XA 

XB 

xc 

XD 

XE 

1.00013 

1 .00072 

1 .00062 

1 .00008 

1  .00063 

1.00007 

1 .00068 

1  .00033 

1  .00003 

1 .00062 

1.00012 

1 .00067 

1 .00036 

1 .00006 

1 .00059 

1  .00003 

1 .00076 

1 .00035 
0.99995 

1  .00058 

0.00010 

0.00009 

0.00009 

0.00013 

0.00005 

YA 

Y0 

YC 

YD 

YE 

1 .00070 

1 .00095 

1 .00082 

1 .00058 

1 .00080 

1 .00067 

1 .00082 

1 .00073 

1 .00051. 

1 .00078 

1 .00062 

1 . 00080 

1 .00071 

1 .00052 

1 .00072 

1 .00066 

1 .00088 
t .00082 

1 .00050 

1 .00069 

0.00008 

0.00015 
0.00011 
0.00008 
0.0001 1 

YA 

YB 

YC 

YO 

YE 

1  .00082 

1 .00006 

1 .00057 
1.00111 

1 .00032 

1 .00072 

1 .00003 

1  .00052 
1.00125 
1.00035 

1 .00080 
0.99996 

1 .00062 

I .001 10 

1 .00027 

1 .00070 
0.99990 

1 .00055 

1 .00108 

1  .0002  3 

0.00012 

O.OOOU 

0.0001O 

0.00017 

O.OMC12 

ZC 

0.69677 

0.69680 

0.69676 

O.69678 

0.00006 

ZC 

0.69660 

0.69662 

0.69662 

0.6966** 

0.0000** 

WEIGHT 

26. 7358 

26.7365 

26.7367 

26.7365 

0.0002 

WEIGHT 

GRAMS 

26.6866 

26.6859 

26.6862 

*6.6858 

0.0008 

GRAMS 


BLOCK  SERIAL  NUMBER  15 
TEST  TEMPERATURE  1800  OEG-F 


TOTAL  TIME  AT  TEMPERATURE 


PACE 

0 

285 

500 

1000 

SAMPLE 

AND 

HOURS 

HOURS 

HOURS 

HOURS 

RANGE 

LOCATION 

OF 

0 1  MENS l ON 

INCHES 

INCHES 

INCHES 

INCHES 

INCHES 

XA 

1 .00068 

1 .000b© 

1 .00062 

1 .00065 

0.00006 

XB 

1  .000**2 

1 .00033 

1 .00037 

1 .00085 

u.u0052 

XC 

1  .00070 

1 .0005b 

1 .00056 

1 .00085 

0.00031 

XD 

1  .00073 

1  .0U">86 

1 .00066 

1 .00079 

0.00013 

XE 

1  .0001*7 

l  .0001*1 

1 .00066 

1  .000'*  3 

0.00006 

YA 

1.00087 

1 .OOC87 

1 .00090 

1 .00087 

0.00003 

YB 

1 .00096 

1 .00092 

1.00107 

1 .00090 

0.00017 

YC 

1 .00086 

1 .00086 

1.00117 

1 .00097 

0.00031 

YD 

1 .00068 

1 .00065 

1 .00071 

1 .00080 

0.00015 

YE 

1 .00076 

1 .00072 

1  .00093 

1 .00076 

0.00021 

ZC 

0.69652 

0.69656 

C.  69653 

0.6965/ 

0.00005 

BLOCK  SERIAL  NUMBER  >6 
TEST  TEMPERATURE  70  DEG-C 


TO'  .L  TIME  AT  TEMPERATURl 


FACE 

0 

285 

500 

1000 

sample 

AND 

LOCATION 

HOURS 

HOUR* 

HOURS 

HOURS 

RANGE 

OF 

DIMENSION 

INCHES 

INCHES 

INCHES 

INCHES 

INCHES 

XA 

1  .00093 

1 .00091 

! .00087 

1 .00085 

0.00008 

XB 

1  .00081* 

1 .00081* 

1 .00079 

1 .00085 

C.  00006 

XC 

1  .00092 

1  .00092 

1  .00088 

1 .00083 

0.00009 

XD 

1  .00088 

1  .00092 

1 .00087 

1 .00086 

0.000C8 

XE 

\  .00083 

1  .00083 

1  .00079 

1  .00080 

0.00001* 

YA 

1 .00102 

1  .oou  3 

i.OOM? 

i .00108 

0.00015 

YB 

1  .00100 

1 .00095 

1 .00092 

1  .oc 100 

0.00008 

YC 

1  .00091* 

1 .00093 

1  .00092 

1 .00093 

0.0C002 

YD 

1  .0OO86 

1 .00088 

1 .00087 

1 .00083 

0.00005 

YE 

1  .00077 

1 .00075 

1  .00070 

1 .00073 

0.00007 

ZC 

0.69678 

0.69677 

0.69670 

0.69680 

O.OCOIO 

WE IGHT 

GRAMS 


26 . 7432  26.7630  26.7L33  26.7L30  0.0003 


WE  1 GHT 
GRAMS 


26.7352  26.7353  26.7358  2o.735K 


o.oool 


TABLE  V 


Experimental  Design 
Molding  Experiment 

Controlled  Process  Variables 

Experiment  Die  Injection  Material 

Number  Temperature  Pressure  Temperature 


1 

2 

3 

4 

5 

6 

7 

8 


+ 

+ 

+ 

+ 


+ 

+ 


+ 

+ 


+ 

+ 

+ 

+ 


Experimental  Responses 


AFTER  MOLDING 


Density 

Number  of  X-Ray  Indications 

AFTER  BINDER  REMOVAL 

Number  of  Type  1  Cracks 
Number  of  Type  2  Cracks 
Numbet  of  Type  3  Cracks 


TABLE  VI 

Direction  of  Movement  of  the  Variables 
Quality  After  Molding 

Die  Injection  Material 
Temperature  Pressure  Temperature 


Maximize 

Density 

Minimize 

X-Ray 

Indications 


t  * 

t  * 


Hold 

Time 


+ 

+ 

+ 

+ 


to  Maximize 

Hold 

Time 


Note:  Only  effects  significant  at  the  90%  Confidence 

level  are  presented. 


TABLE  VII 


Direction  of  Movement  of  the  Variables  to  Maximize 
Quality  After  Binder  Removal 

Die  Injection  Material  Hold 

Temperature  Pressure  Temperature  Time 


Minimize 
Type  1  Cracks 

Minimize 
Type  2  Cracks 

Minimize 
Type  3  Cracks 


\ 


I 

1 


I 


Note : 


Only  effects  significant  at  the  90%  confidence 
level  are  presented. 


TABLE  VIII 

Experimental  Design 
Binder  Removal  Experiment 

Experiment  Pressure  Heating  Size 

Number  Rate  (Complexity) 


1 

- 

- 

- 

2 

+ 

- 

- 

3 

- 

+ 

- 

4 

+ 

+ 

- 

5 

- 

- 

+ 

6 

+ 

- 

+ 

7 

- 

+ 

+ 

8 

\ 

+ 

+ 

Responses 

Percent  Binder  Removed 
Number  of  Total  Cracks 

A  =  Pressure 
B  -  Heating  rate 
C  -  Size  (Complexity) 
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TABLE  IX 


Percent  Binder  Removal  Results 
2^  Binder  Removal  Experiment 


Effect 

Magnitude 

Total 

A 

94.5 

B 

3.4 

AB 

0.4 

C 

0.9 

AC 

1.2 

BC 

0.6 

ABC 

0.1 

To  maximize  percent  binder  removal:  High  Pressure 

Large  Size  (Results 
confounded  due  to  diff 
erences  in  material) 

Pressure-Size  interaction 
important 


TABLE  X 

Percent  Binder  Removal  Results 
2^  Binder  Removal  Experiment  -  Large  Component  Only 


Effect 

Magnitude 

Total 

94.75 

A 

2.15 

B 

-1.05 

AB 

0.65 

To  maximize  percent  binder  removal:  High  Pressure 

Low  Rate 


A  =  Pressure 
B  =  Heating  Rate 
C  =  Size  (Complexity) 
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TABLE  XI 


Total  Crack  Results 
2^  Binder  Removal  Experiment 

Effect  Magnitude 


ital 

4.8 

A 

-7.3 

B 

0.1 

AB 

-2.1 

C 

9.6 

AC 

-7.3 

BC 

0.1 

ABC 

-2.1 

To  minimize  cracking:  Reduce  Size,  Complexity 

Increase  Pressure 

Pressure -Size  Interaction  Important 


TABLE  XII 
Crack  Results 

2^  Binder  Removal  Experiment  -  Large  Component  Only 
Effect  Magnitude 


Total 

A 

B 

AB 


6.1 

-9.7 

1.2 

1.2 


To  minimize  cracking:  Increase  Pressure 
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TABLE  XIII 


Results  of  the  Sintering-Strength  Experiments 

Dry  Pressed  Injection  Molded 

Condition  Stress  m  Percent  Stress  m  Percent 

(Ksi)  Density  (Ksi)  Density 


1.  Baseline 
(Long  Time- 
High  Temp . ) 

98 

99 

80-93  7-11 

100 

2.  Short  Time- 
High  Temp. 

103 

15 

99 

- 

- 

3 .  Long  Time- 
Low  Temp. 

94 

7 

97 

- 

- 

4.  Intermediate 
Time- 

Intermediate 
Temp . 

133 

22 

100 

75-88  8-12 

100 

m  =  Weibull  modulus 


TABLE  XIV 


Thermal  Cycle  Test 


Time 

Gage  Reading 
Micro- inches 
12  3 

Temperature 

°F 

Average 

Stress 

Psi 

Calculated 

Pressure 

Psi 

9:45 

404 

354 

374 

70 

11310 

1006 

10:10 

463 

367 

435 

139 

12660 

1126 

10:40 

486 

379 

460 

175 

13230 

1177 

12:40 

514 

396 

482 

220 

13920 

1239 

13:15 

525 

409 

493 

234 

14250 

1268 

13:45 

536 

428 

503 

247 

14670 

1306 

14:20 

560 

477 

526 

273 

15630 

1391 

14:40 

576 

500 

540 

290 

16160 

1438 

i5  :40 

646 

551 

602 

341 

17990 

1601 

9:10 

591 

487 

572 

360 

16500 

1468 

10:50 

283 

184 

235 

78 

7020 

624 
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